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Understanding of the photophysical and optical prope ties of organic-inorganic 
hybrid systems, such as those composed of chromophores attached to the surface of metal 
nanoparticles is of current interest. This dissertation investigates the photophysics of  
bis(diarylamino) biphenyl (TPD) and silver nanoparticles (AgNP). A main goal of this 
work was to develop an understanding of the relaxation pathways involved in the 
deactivation of photoexcited TPD chromophores in close proximity to silver 
nanoparticles. The TPD chromophores were attached to the silver nanoparticle core via 
an alkylthiol group. The TPD-AgNP systems were synthesized and characterized using 
Transmission Electron Microscopy (TEM), UV-visible absorption, infrared spectroscopy, 
and Nuclear Magnetic Resonance (NMR) spectroscopy, Inductively Coupled Plasma – 
Emission Spectroscopy (ICP-ES) and Thermogravimetric Analysis (TGA). Time-
resolved photophysical processes in these systems were studied using femtosecond 
transient absorption spectroscopy.   
Initial studies of the interaction of the TPD and AgNP addressed the linker length 
dependence of the dye excited state decay kinetics, wherein alkyl linker chains of 3, 4, 8 
and 12 carbon atoms were used. These results showed that an ultrafast deactivation of the 
excited state of the TPD chromophore, which is three orders of magnitude faster than that 
of the free chromophore in solution, occurred in all of the systems. However, an 
unexpected new transient species was observed for the systems with three and four 
carbon linker chains.  Further studies showed this species to be spectroscopically very 
similar to the TPD radical cation, suggesting a charge separation pathway in the excited 
 xx
state relaxation.  Possible pathways for formation of the cation-like state included 1) 
direct two-photon photoionization of TPD, 2) photoinduced electron transfer from the 
excited TPD to the metal nanoparticle, or 3) a bimolecular mechanism that involves a 
pair of excited TPD molecules undergoing exciton-exciton annihilation and producing the 
cation like species from an intermolecular charge separation from the higher excited state 
formed via annihilation.  These possibilities were xamined through comparisons to the 
photophysics of alkyl substituted TPD in solution and in solid films, investigation of the 
pulse energy and TPD surface coverage dependence of th  yield of the cation-like TPD 
species, transient absorption anisotropy decay dynamics, and kinetic modeling studies. 
Taken together, these investigations provide support for exciton-exciton annihilation 
being responsible for the formation of cation-like species.  The packing of the TPD 
chromophores is concluded to be of critical importance in the generation of the cation 
like species but it is also possible that proximity to the silver nanoparticle plays a role in 








 Ligand coated nanoparticles have gained great interest, due to the ability to couple 
functional ligands with the inorganic nanoparticles.1 The adsorption of ligands to the 
nanoparticle surfaces allows for incorporating inorganic materials in organic media or 
attaching functional organic ligands to the inorganic cores. Such hybrid systems can 
exhibit properties that take advantage of both organics and inorganics resulting in a 
material with intermediate properties, e.g. high dielectric constant flexible films2 or 
having a uniquely new behavior, e.g. enhanced Raman3 or fluorescence4 intensity.  Metal 
nanoparticles are the most interesting from the optical stand point, due to free electrons of 
the metal, which are confined in sub-wavelength scale p rticles.5, 6 Functionalization of 
such nanoparticles with chromophoric ligands offers opportunity to prepare systems with 
high local concentrations of chromophores7, which can have potential light harvesting 
properties.8, 9 Additionally, the effects associated with close proximity of chromophores 
to metal surfaces can result in enhanced emission such as in surface enhanced Raman 
scattering (SERS)10 or metal enhanced fluorescence (MEH).11-13 Functionalized metal 
nanoparticles have been found to be very promising in areas such as: medicine,14, 15 
sensing4, 16, 17 and nonlinear optical materials18, 19.  
 This thesis in substantial part is concerned with studying organic chromophores 
adsorbed onto the surface of silver nanoparticles using variety of analytical methods. The 
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main goal of this thesis is associated with studying the photophysical properties of N,N’-
diphenyl-bis(3-methylphenyl)-biphenyl-4,4’-diamine (TPD) attached to silver 
nanoparticles via a thiol group, which strongly binds to the silver surface, with an alkyl 
linker between the TPD and the thiol. The photophysical properties are examined in the 
context of the distance from the silver surface, controlled by the length of the alkyl 
linkers, as well as interactions between the chromophores. 
The thesis consists of five chapters. Chapter 1 contains an introduction and 
background information about development of monolayers, their importance and 
properties, followed by background about photophysical properties of metal nanoparticles 
and metal nanoparticle – organic dye systems, and the thesis objectives. Materials and 
methodologies used in this work are described in Chapter 2. Synthesis and some 
properties of synthesized nanoparticles are also included in this chapter. Chapter 3 
contains a description of the nanoparticle characteization using analytical methods such 
as transmission electron microscopy (TEM), UV-visible (UV-vis) absorption 
spectroscopy, infrared (IR) spectroscopy, nuclear magnetic resonance spectroscopy 
(NMR), inductively coupled plasma – emission spectroscopy (ICP-ES) and 
thermogravimetric analysis (TGA). Here, the footprints of the chromophoric ligands are 
also determined. Chapter 4 deals with photophysical studies of the TPD chromophores, 
without the presence of silver nanoparticles, in liquid solution and in solid films. Chapter 
5 describes photophysics of the silver nanoparticle / TPD systems. Conclusions are given 
in Chapter 6. Appendix A is a copy of a publication on multiphoton lithography, which is 




1.1. Overview of Metal Nanoparticles 
The concept of nanotechnology or nanoscience has been introduced quite recently 
but in fact this field has a long history.  The history of gold and silver nanoparticles can 
be traced back to the Roman times, where nanoparticles of these two metals were used as 
colorants. Perhaps the oldest and the most famous artifact incorporating metal 
nanoparticles is the fifth century Lycurgus chalice20, 21 (Figure 1.1). The chalice contains 
about 5-70 nm silver and gold nanoparticles incorporated in a glass matrix.22 The color of 
the glass from which it is made is green in reflected light and translucent red in 
transmission. The process of coloring glass with small amounts of “dissolved gold” was 
widely used in middle ages for staining window glass.21 Johann Kunckel, the seventeenth 
century glassmaker and alchemist, is very often credited by many sources as the first one 
to develop procedures for incorporating gold into mlten silica, to produce well-known 
“ruby glass”.22 The source of these brilliant colors was not known until Faraday’s time. 
Michael Faraday had postulated that the color of ruby glass and aqueous solution of gold 
are due to small gold particles.23 However, the physical model of such behavior of small 
gold particles was only intuitive at that time. Small silver particulates also played an 
important role with a worldwide impact on science and technology. In the mid-nineteenth 
century Fox-Talbot and Daguerre introduced photochemistry of silver halide, which 





Theoretical models describing the color of small dielectric particles did not exist 
until the beginning of twentieth century. The first quantitative theoretical model 
describing interaction of small metal particles emerged in 1904. In this model J. C. 
Maxwell-Garnett25, 26 used expressions for the polarizability of a spherical particle 
derived by Rayleigh and Lorentz in order to define optical constants. Maxwell-Garnett’s 
model applies only to a description of particles, whose dimensions were negligible with 
respect to the incident wavelength of light, in a medium. The model does not treat 
particles individually and the differences of color seen in the systems of the particles 
were assigned to different interparticle distances in the medium. The model, for example, 
does not address the effects of different particles sizes.25, 26 The first rigorous theoretical 
model, which could predict optical properties of metal particles, in fact, any dielectric 
 
 
Figure 1.1. Lycurgus chalice. The glass of the chalice contains small amounts of colloidal gold and 
silver, which give it these unusual optical properties. The opaque green cup (left) turns to a glowing 
translucent red when light is shone through it. Source: www.britishmuseum.org 
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particles, was introduced by Gustav Mie in 1908.27 The model deals with individual 
spherical nanoparticles with known sizes interacting with light. His approach has been 
later extended to particles of other shapes, such as cylinders and ellipsoids.28, 29  
In the 1950’s, anodization of aluminum was discovered and named integral 
coloring of aluminum surfaces.22 The process leading to this phenomenon was not 
understood until 1970s when Goad and Moskovits30 demonstrated that the “integral 
coloring” phenomenon was due to plasmon absorption of aluminum nanoparticles 
embedded in a layer of alumina. Also, in the 1970’s nano-porous silver and gold gained 
interest due to their applications in surface enhanced Raman spectroscopy (SERS).31, 32 
The electromagnetic enhancing properties of these metals lead to development of 
theoretical models, which would provide insights into fundamental optical properties of 
metal particles of various shapes.29, 33-35  
The research on the metal nanoparticles revived in 1990s with the development of 
synthetic methods, which allowed for preparation of g ld nanoparticles coated with 
thiolated ligands. In 1994 Brust et al.36 published the successful preparation of gold 
nanoparticles stabilized with alkylthiols. The importance of this method lies in synthetic 
accessibility of the nanoparticles as well as flexibility in choice of protecting ligands.37-40 
Moreover, such nanoparticles can be manipulated in a similar way to regular organic 
compounds: e.g. they can be precipitated, filtered or re-dispersed in an appropriate 
solvent.39 These new properties of the nanoparticles allowed for the study of 
nanoparticles modified with different ligands, as well as studies of monolayers on the 
nanoparticles surfaces.40-42 Self-assembled monolayers (SAMs) on the surfaces of metal 
nanoparticles opened a new opportunity for investigatin  such systems, using techniques 
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that were not suitable for studying SAMs on flat surfaces, or required specialized 
equipment.43 That includes techniques such as UV-vis absorption and IR spectroscopies 
or NMR.39, 43-45  
 
1.2. Optical Properties of Metal Nanoparticles 
Metal nanoparticles have interesting optical properties due to the presence of 
conduction electrons. When nanoparticles are exposed to light, the electron cloud is 
displaced by the oscillating electric field. Figure 1.2 shows schematic of such a process. 
The electric cloud is displaced relative to nuclei by the electric field, creating a restoring 
force due to columbic attraction of the displaced electrons and the nuclei. These systems 
can be treated as classical harmonic oscillators, chara terized by their resonance 
frequency. The resonant, collective oscillation of electrons in metals is called plasmon 
resonance. The depiction given here describes dipolar plasmon resonance, which is a 
dominant mode for small nanoparticles (< 20 nm in diameter for silver), however higher 
modes are also present in larger nanoparticles. The frequency of plasmon resonance in 
metal nanoparticles is dependent on: the density of electrons, the effective electron mass, 
and the size and shape of the particle. However, this description does not include the 
effects associated with interband transitions of bound electrons.46 The electronic 
properties that also include such transitions however, are included in complex dielectric 






In 1908 Gustav Mie27 solved Maxwell equations for electromagnetic waves 
interacting with small metal particles, using the fr quency dependent dielectric function 
of a bulk metal. For a spherical particle the soluti n of these electrodynamic calculations 
with appropriate boundary conditions leads to the extinction cross-section of the 
nanoparticles. For spheres much smaller than the wav length of excitation light only the  
dipolar contribution is significant and Mie theory is reduced to the dipole approximation 
form: 5  
     = 	 
 
/    (1.1) 
where V is the particle volume, ω is angular frequency of incident light, c is speed of 
light, εm is dielectric constant of dielectric material and ε(ω) = ε1(ω) + iε2(ω) is dielectric 
function of the sphere. It is evident from the above equation that the position of the 
plasmon resonance is not affected by the nanoparticle size in the dipolar approximation. 
 
 
Figure 1.2. Schematic drawing of plasmon oscillation of a metal sphere. Metal spheres are in dark gray 
color, the displaced electron cloud in green, and electric field in red. Drawing adopted from: Kelly et al. 
J. Phys. Chem. B 2003, 17, 668-677 
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When the particle becomes big enough (usually larger than 20 nm for gold) the 
contribution from quadrupolar and higher order modes become significant and the 
plasmon resonance shifts. The resonance condition is met when the denominator in 
equation (1.1) becomes very small. This occurs when ε1(ωp) = -2εm and when the 
imaginary part of the metal’s dielectric function is small, where ωp is frequency of 
plasmon resonance.5 It is clear from this resonance condition that theposition of the 
plasmon resonance depends on the dielectric constant of the medium.48 The plasmon 
resonance occurs at lower frequency when nanoparticles are embedded in a material with 
higher dielectric constant.48 
 
1.3. Dynamics of Electrons in Metal Nanoparticles 
The development of femtosecond lasers has enabled studie  of ultrafast processes 
such as spectral evolution of excited metal nanoparticles. The interaction of the electrons 
with the lattice vibrations in thin metal films has been studied by means of time-resolved 
transmission and reflection spectroscopy.49-53 Femtosecond transient absorption has been 
also employed for studying metal nanoparticles disper ed in solvents.5, 54-57 The 
interaction of conduction electrons with light leads to the excitation of the conduction 
electrons, which then dissipate acquired energy through the following processes: 
electron-electron, electron-phonon and phonon-phonon relaxations. 5  
Before arrival of the laser pulse the energy distribution of conduction electrons 








     (1.2) 
where k, T, EF and E are the Boltzmann constant, the temperature, the Fermi energy and 
the energy of the electronic energy levels respectiv ly. The Fermi-Dirac statistics 
describe the energetic distribution of electrons at given temperature - also known as 
Fermi distribution. After pump pulse induced heating the electron distribution is non-
thermal with regard to Fermi-Dirac statistics.5 The energy of these excited electrons is 
then rapidly redistributed between electrons by electron-electron scattering to achieve 
Fermi distribution. This process is called electron thermalization; it is very fast as the 
electrons undergo thermalization within a few femtoseconds.58 Kreibig et al.35 determined 
dephasing time for 2 nm silver nanoparticles to be 2 fs when the particles are embedded 
in a matrix and 7 fs for the same particles in vacuum. Based on nonlinear studies Peuch et 
al.59 concluded that dephasing time of the coherent plasmon oscillation is shorter than 20 
fs. This process is due to the elastic interactions between the hot electrons, where the 
energy of all the electrons in the nanoparticle is preserved. In the following step the 
energy from the now thermalized electrons (having Fermi distribution of energies) is 
transferred to the atomic lattice of the metal particle by electron-phonon coupling. The 
electron-phonon interaction times are typically on the order of a few picoseconds for thin 
gold films.49-53 In the case of metal nanoparticles, an additional mechanism of relaxation 
of hot electronsi is introduced due to the spatial confinement of the electrons, where the 
oscillating electrons undergo scattering at the nanop rticle surface.35, 60 Measurements 
performed for silver nanoparticles from 5 to 15 nm radius, show the electron-phonon 
relaxation times are comparable with value obtained for a silver film (~0.85 ps).61 The 
                                                           
i Hot electrons are not in thermal equilibrium with the atomic lattice. 
10 
 
relaxation time of silver nanoparticles, with size of 2.1 nm in radius, was reduced to ~0.6 
ps.61 In the next step the temperature of the particle is dissipated to the surrounding 
medium through phonon-phonon interactions. The phonons of the atomic lattice of the 
metal particle couple to the phonons of the surrounding medium, where surrounding 
medium serves as heat sink. The phonon-phonon relaxation is usually on the order of 
100-200 ps.62 After the full cycle the system returns to its original state. This description 
does not take into account interband transition ando ly conduction electrons are 
considered. This is a reasonable approximation for silver, since the plasmon resonance of 
silver nanoparticles has only very little overlap with interband transition.5  
It is also important to discuss dependence of the relaxation times on excitation 
pump power. The experimentally measured electron-phonon relaxation time increases 
with increasing pump power.55, 56 The energy relaxation in metal nanoparticles can be 
modeled with two-temperature model (TTM).63 The TTM model shows that the 
electronic heat capacity depends on the electron temperature, hence pump power. 
According to the model the effective rate constant of the thermal relaxation of the 
electron gas becomes temperature dependent.5 
Typical transient absorption spectra of metal nanoprticles consist of the 
bleaching of the plasmon absorption, which is a negative absorption change and a 
dominating feature in the spectrum, and two much weaker, positive absorption change 
satellite bands.56, 62 The two positive features are due to broadening of the plasmon 
resonance band at higher electronic temperatures, followed absorption of the laser pulse 
by the nanoparticles.64 The plasmon band broadening is associated with faser de-phasing 
time of the coherent plasmon oscillation as a result of increased electron scattering rate. 
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Due to the electron-phonon coupling the energy is transferred to the atomic lattice, which 
causes expansion of the nanoparticle volume and a decrease in the density of the 
electrons. The electron density is correlated with dielectric function of the metal and 
lowering of the density of electrons caused by thermal expansion of the nanoparticle 
shifts resonance towards lower frequency.5, 65 
 
1.4. Electric Field Enhancements 
The collective oscillation of conduction electrons i  metal nanoparticles, induced 
by incident light, produces its own electric field close to the nanoparticle surface. The 
induced electric field can be larger than the incident electric field by many orders of 
magnitude, depending on the distance from the metal surface and the nanoparticle size, 
shape and the dielectric function of the metal.29, 34, 66 Silver is one of the most desirable 
materials for strong electric field enhancements.67 One of the first techniques exploiting 
this phenomenon was surface enhanced Raman spectroscopy (SERS).68 Silver and gold 
are the most frequently used materials as substrate for this technique,69 since they 
provide large electric field enhancements and at the same time are stable in ambient 
conditions. Electromagnetic enhancements as large as 106 were reported for systems 
incorporating isolated silver colloids67, 68, 70 Much stronger enhancements were reported 
for metal islands or well defined nanostructures with sharp features, such as 
nanoprisms,71, 72 nanorods73-75 and nanocages.76  
Optical properties of molecules near metal surfaces have been widely studied in 
the past three decades starting with the discovery of Raman enhancements of pyridine 
adsorbed on roughened silver surface.77 Raman spectroscopy provides high structural 
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information, but suffers extremely small cross-sections,32 up to 12-14 orders of 
magnitude lower then fluorescence cross-sections, rendering it a technique of very low 
sensitivity.32 Thanks to SERS, the signal intensities near roughened silver surfaces can be 
up to 11 orders on magnitude higher than in normal Raman spectroscopy78 bringing its 
sensitivity close to the detection limits of fluoresc nce, allowing even for single molecule 
detection.79, 80  
Fluorescence enhancements of chromophores at silver islands have been also 
reported.12, 13, 81 The enhancements are not as large as the ones observed in SERS, 
partially due to very efficient quenching of the excited states of the dyes. However, 
fluorescence can be enhanced when the chromophores are appropriately distant from the 
metal nanostructures.4, 82, 83  
Wenseleers et al.84 reported enhancements of two-photon induced fluorescence of 
organic dyes in close proximity to the silver fractal structures. Theoretical studies have 
predicted very large electric field enhancements near random fractals.85 Due to lack of 
symmetry, the random fractals provide localized plasmon modes, which produce giant 
local fields in sub-wavelength size, so-called hot spots. The studies of two photon 
induced fluorescence microscopy showed that the enhancements of the fluorescence of 
the chromophores deposited on silver fractals are spatially inhomogeneous.84 The peak 
enhancements of fluorescence reported are as high as 160,000.84 Two-photon absorption 
enhancements have also been reported for chromophores in activatedii  gold colloid 
solution.86 Using the Z-scan technique the two-photon absorption cross-section of the dye 
was increased by a factor of 480. 
                                                           
ii Activation of colloids is a process of aggregation of the nanoparticles.  
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1.5. Chromophores near Metal Nanoparticles 
 Studies of photo-physical properties of systems composed of organic dyes and 
metal nanoparticles are focused predominantly on radiative and nonradiative decay rates 
of the chromophores, and the influence of metal nanop rticles on these rates. Due to its 
very good stability and photo-physical properties, gold is used most of the time as a metal 
of choice. Silver, on the other hand, is more interesting from the aspect of optical 
properties,67 but due to higher desorption rates of the ligands from silver surface45 than 
from gold, it is not as frequently studied as gold. The most frequently used techniques for 
measuring deactivation rates of the chromophore-metal nanoparticle systems are based on 
fluorescence decays.16, 83, 87, 88 However, due to the usually large differences betwe n 
fluorescence efficiencies of the chromophores attached to metal nanoparticle and free 
chromophores in solution, the fluorescence signals c n be dominated by the desorbed 
chromophores.82, 88 The presence of free chromophoric ligands in the sudied nanoparticle 
solutions can lead to misinterpretation of the results. 
There are three main pathways that can lead to deactivation of excited 
chromophores in the proximity of metal nanoparticles. The first one is associated with 
efficient energy transfer from excited dye to the mtal, where oscillating dipole strongly 
interacts with conduction electrons of the metal. The second possibility that needs to be 
considered is electron transfer from the excited dye to the metal. The third deactivation 
process is due to dye-dye interactions, if the chromophores are densely packed at the 





1.5.1. Energy Transfer from the Excited Chromophores to the Metal Nanoparticle 
Sparked by the fast development of SERS, several theoretical models have been 
developed to describe, and predict, electric field enhancements in the proximity of metal 
nanostructures.89-91 The phenomenon of fluorescence quenching of chromophores in the 
proximity to a metal surface has been known for a long time. The first quantitative model 
was proposed by R. R. Chance and R. Silbey in the late seventies.92 They proposed a 
classical description of a dipole antenna near a flat metal surface. A more general, quasi-
static model was developed in the early eighties by Gersten and Nitzan (GN).93 It 
describes radiative and nonradiative lifetimes and the corresponding emission quantum 
yield of a fluorophore near or inside a small dielectric particle, and shows that its 
photophysical properties strongly depend on the particle size and shape.93 Shortly after, 
an “exact” electrodynamic theory emerged,94 which similarly to the GN model considers 
a chromophore close to a metal sphere. The limitation of the exact electrodynamic theory 
is that it can only be applied to spherical dielectric particles, whereas the GN model can 
be extended to spheroids, which allows for taking into account the shape-induced change 
of the plasmon resonance frequency and electric field intensities.93 The GN model is in 
qualitative agreement with experimental data; however it fails when the particle 
approaches the limit of a flat surface.91 The model has been corrected by taking into 
account radiation damping and dynamic depolarization, as suggested by Wokaun and co-
workers 89, 90 and later implemented in the model by Mertens et al..95 The authors have 
shown that the improved GN model is applicable over larger particle sizes than the 
original GN model. The authors suggested that the original GN model substantially 
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overestimates the radiative decay rates and to lesser xtend the nonradiative decay rates, 
leading as a consequence, to overestimations of the quantum yields.95  
The development of a model describing the decay rates of a molecule at small 
distances from the nanoparticle surface is certainly more complex, since quantum effects  
cannot be neglected.96 Quantum mechanical calculations of such big system however, 
are very computationally demanding. This has led to the development of another classical 
approach, which accounts for nonlocal (NL) optical response of the metal particles and 
replaces the frequency dependent dielectric functio ε(ω) with dielectric function that is 
frequency and wave vector dependent ε(k, ω).96 For particles smaller than 10 nm the NL 
model predicts greater radiative rates and smaller non adiative rates than the original GN 
model. The rates are also very much dependent on the orientation of the molecule with 
respect to the metal surface.  
Despite its computational cost, a quantum mechanical model has been proposed 
by Corni and Tomasi 97-100. The chromophore in this model is treated quantum chemically 
using either Hartree-Fock (HF) or density-functional theory (DFT), whereas metal and 
solvent are considered as continuous bodies characterized by their dielectric functions.98, 
99 The models were tested using lissamine molecule, which is located 1 nm away from 
the surface of gold nanoparticles of varying sizes.101 The results of the quantum 
mechanical models have been directly compared to the original GN model and 
experimental data.101 Interestingly, the radiative decays obtained from both models, 
quantum and GN, are in good agreement with each other, however there is an order of 




1.5.2. Electron Transfer from Excited Chromophores to Metal Nanoparticle 
The process of electron transfer from excited-state chromophores to the metal 
nanoparticles is not very well established and there are relatively few reports of such 
deactivation mechanisms. The expectation of such electron transfer process often comes 
from the electrochemical reports demonstrating reversible multi-electron reduction of 
gold nanoparticles stabilized with alkylthiolates.102, 103  
Glomm et al.104 studied fluorescence decay rates of ruthenium (II) tris(bipyridine) 
and osmium (II) tris(bipyridine) in presence of silver and gold nanoparticles. The 
nanoparticles, both gold and silver were electrostatically stabilized with citrate.104 The 
results were also compared with that of gold nanoparticles coated with mercaptooctanoic 
acid. The authors suggested that the electron transfer from the dyes to the metal is the 
dominant mechanism of fluorescence quenching in all of the above cases, with some 
contribution from energy transfer in the case of the c romophores in the presence of the 
gold nanoparticles coated with mercaptooctanoic.104  
Nanosecond transient absorption spectroscopy has been also used to study pyrene 
attached to small gold nanoparticles via alkylthiolate linker.105 Electron transfer from 
excited dye to the gold nanoparticle was suggested as the main deactivation 
mechanism.105 However, the argument is only based on very subtle changes in the 






1.5.3. Inter-chromophore Interactions 
A high local density of chromophores attached to metal nanoparticles can 
facilitate additional deactivation pathway due to interactions between the chromophores 
upon photo-excitation. Excimer formation between pyrene ligands attached to gold 
nanoparticles via alkylthiolate linker has been recently reported.106 The effects of linker 
length and coverage dependence, by dilution of the c romophoric ligands with 
dodecanethiol, have been addressed. These systems were studied by fluorescence 
spectroscopy. Based on the correlation between coverage and relative intensity of the 
excimer emission with respect to monomer emission, the authors concluded that the 
emission comes from the excimers of pyrene moieties attached to gold nanoparticles.106 
Surprisingly, the fluorescence lifetime of these systems was similar to the lifetimes of the 
free chromophores in solution.106  
In another study, contradicting results were reported, where disulfides with alkyl 
spacers and pyrene end groups are attached to the gold nanoparticles, while fluorescence 
changes were recorded during this process.107 The authors reported decreasing excimer 
emission of the disulfide-pyrene moiety upon binding to the gold nanoparticles.107  
 
1.6. Self-Assembled Monolayers 
This thesis is devoted to studying chromophoric ligands adsorbed on silver 
nanoparticles via silver-thiol bonding. The ligands can be described by their three parts: 
the functional end group (the chromophore), the alkyl linker and the binding thiol group. 
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Due to the fact that the chromophores are attached to the silver nanoparticles through 
alkyl thiol it is relevant to recall literature reports on self-assembled monolayers.  
Understanding and control of the properties of interfaces is extremely important 
in technology and is scientifically fascinating. Inorganic particles mixed in an organic 
medium can provide new properties of the composite material, e.g.  by mixing metal 
oxide nanoparticles, which have a high dielectric permittivity, with an organic polymer, 
one can substantially increase the effective dielectric constant of the film while 
preserving the polymer’s ease of solution processability. 2 The properties of interfaces are 
also very important in medicine, where e.g. proper tr atment of titanium surfaces 
promotes cell adhesion and better bone-implant assimilat on. Compatibility of materials 
that are not miscibile can be obtained by introduction of a thin layer, which can 
compatibilize the two very different interfaces.2, 108 One of the most studied and 
extremely interesting is a single molecule layer, a monolayer.  
The importance of ultrathin films at surfaces on properties such as friction and 
lubrication has been recognized at the beginning of the 20th century. Irvin Langmuir 
proposed the concept of monolayers in 1917 while studying properties of amphiphiles on 
water109. An ordered monolayer could be produced by applying lateral pressure to a 
floating film and subsequently transferring it onto a solid surface, as demonstrated by 
Katherine Blodgett110. Films prepared using this technique are now known as Langmuir – 
Blodgett films. The technique became very popular and has found lots of applications.111 
These films however are thermodynamically unstable and their formation requires 
specialized apparatus.112 In 1946 Ziman and coworkers113 have observed a spontaneous 
formation of monolayers of alkylamines on a platinum surface. This type of monolayer 
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formation is known as self-assembled monolayer (SAM), the name being due to the 
spontaneous formation without applying external pressure. The importance of the SAMs 
was not been recognized until 1980, when the studies of monolayers of alkanehiols on 
surfaces of coinage metals started dominating the em rging field. The strong Au-S bond, 
the inertness of gold and the stability of the thiol monolayers have made gold the 
substrate of choice for many research groups114, 115. SAMs have been studied for potential 
applications in sensors,116 molecular recognition,117 growth of molecular crystals118 and 
corrosion inhibition.119  
 
1.6.1. Monolayers on Gold and Silver Substrates 
Fenter et. al120 have shown that octadecylthiol on silver (111) forms a dense and 
well ordered monolayer with lattice spacing ~4.7 Å. The molecular spacing between the 
alkyl chains is nearly identical to the bulk hydrocarbon spacing, which appears to be 
constrained by molecular size of the alkyl chains.121 This finding is also consistent with 
studies of Langmuir-Blodgett monolayers of long n-alkyl chain alcohol (CH3(CH2)20OH) 
on the surface of water112. At the highest surface pressure the distance between the 
nearest neighbors is very similar to that found on Ag (111) for octyldecanethiols. This is 
very different for n-alkylthiol monolayers on gold,111,122 where the distance between the 
sulfur atoms determines the packing and orientation of the ligands in the monolayers.  
The differences in arrangement of SAMS between silver and gold surfaces are 
striking considering similarities in their atomic lattices. The distance between the nearest 
neighbors in Au(111) and Ag(111) are 2.88 Å and 2.89 Å respectively.123 However, they 
differ substantially in their oxidation (by 1.7 eV) potentials and work functions (by 0.6 
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eV).124 Moreover, the surface binding energies for thiolates on Au(111) show more 
variation for the peak-to-valley values than Ag(111), 6.0 kcal/mole for Au and 3.3 
kcal/mole for Ag.124 Thiolates on Au(111) occupy every sixth hollow site, which 
correspond energy minimum and to the most energetically favorable binding sites. On the 
other hand, the thiolates on Ag(111) can be adsorbed at less favorable sites, since the 
interaction between alkyl groups can provide enough stabilization energy to compete 
with the lower binding energy.123 As a result, the packing density of alkylthiolates on 
gold surfaces is limited by the atomic lattice of gld, whereas on silver it is limited by the 
steric interactions of the alkyl chains.123 Such differences in packing density result in 
different orientations of alkyl chains with respect to the surface, since Van der Waals 
interactions minimize the energy of the alkyl chains by reduction of the free volume. The 
most efficient means of reducing the free volume of alkyl chains attached at their binding 
sites is to tilt all the chains in one direction. As a result, alkyl chains on gold are oriented 
at ~30° to the surface normal, whereas the tilt angle of the alkyl chains on silver is below 
10°.123  
 
1.7. Thesis objectives 
The goal of this thesis is to understand the photophysical processes of organic 
chromophores in the proximity of silver nanoparticles. Such chromophore/silver 
nanoparticle systems can offer potential advantages in .g. sensing4, 16 or light harvesting 
for photovoltaics,8, 9 however the photophysical properties of these system  are still not 
well understood. Moreover, in order to study such systems in the context of photophysics, 
they should be first thoroughly characterized for their structural properties. 
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The objectives of this thesis were to: 1) prepare silver nanoparticles 
functionalized with the organic dye, bis(diarylamino)biphenyl (TPD), covalently attached 
to the metal surface via alkyl linkers with varying lengths. Similar systems with mixed-
ligand monolayers were also prepared, where dodecanethiol was used as a 
spectroscopically inert ligand, in order to decrease coverage of the TPD ligands on the 
nanoparticles. The coverage dependent studies address th  question of the influence of 
intermolecular interaction on the photophysical properties of the dyes adsorbed on silver 
nanoparticles. 2) Characterize the silver nanoparticle/dye systems in order to determine 
whether the distance of the TPD chromophores from the nanoparticle surface can be 
controlled by the length of the alkyl linker and how the TPD ligands are packed on the 
silver nanoparticles. 3) Study the photophysics of the TPD dyes alone at high and low 
concentrations in order to understand the intrinsic photophysical decay pathways for 
isolated and densely packed TPD molecules. 4) Understand the mechanism of excited 
state relaxation of the TPD dyes on silver nanoparticle surfaces through, transient 
absorption spectroscopy, pulse energy, coverage andli ker length dependent 
investigations. 
The choice of the TPD moiety was motivated by its photophysical characteristics, 
such as high fluorescence efficiency, relatively simple photophysics and large spectral 
overlap of the fluorescence emission with the plasmon absorption of the silver 
nanoparticles. Additionally, TPD has a large two-photon cross-section at relatively short 
wavelengths (ca. 540 nm).125 TPD is also known to be quite emissive in the solid state, 
although the yield is significantly lower than in solutions suggesting that there are 
photophysical pathways for excited state decay involving of TPD molecules. An 
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interesting question is whether the photophysics of TPD attached to spherical AgNP will 
exhibit coverage dependent relaxation or will depend o  the length of the linker attaching 
it to the surface. Moreover, the two-photon cross-section of the chromophores, when 
spectrally overlapped with the plasmon absorption, might provide significant 
enhancements of the two-photon absorption cross-section.84 The last argument is more 
relevant to gold rather than silver nanoparticles, as the gold plasmon resonance is around 
520 nm and overlaps with TPD two photon absorption. However, the plasmon resonance 
of AgNP may be tuned to this spectral region by, e.g., aggregation of the nanoparticles or 
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MATERIALS AND METHODS 
2.1. Materials 
All solvents, other than ethanol, were purchased from Aldrich and used as 
received. Reagent grade solvents were used in all syntheses and spectrophotometric grade 
solvents were used in all optical measurements. Ethanol (200 proof) was supplied by 
VWR stockroom. All reagents were used as received: silver acetate (99.99 %) and 
dodecylthiol were supplied by Aldrich except for oleylamine (supplied by Acros), which 
was distilled and stored under nitrogen.  
































2.2. Preparation of Silver Nanoparticles in the Presence of Oleylamine (OA) 
The silver nanoparticles were synthesized according to a modified method 
reported by Hiramatsu et al.1 Silver acetate (0.83 g, 5.0 mmol) was dissolved in a mixture 
of 12 mL of freshly distilled oleylamine (OA) and 8 mL of toluene. The solution was 
then added into 100 mL of boiling o-xylene. The mixture was stirred with a Teflon coated 
magnetic stir bar. The progress of the reaction wasmonitored by UV-vis absorption, 
where 10 µL of the reaction mixture was diluted in 3 mL of toluene in 1 cm glass cuvette. 
The reaction was stopped after about 23 hours, when the intensity of plasmon absorption 
did not increase within 1 hour. The reaction mixture was then cooled to about 80°C and 
excess solvent was removed using nitrogen flow until the volume of the mixture was 
about 20 mL. The mixture was then cooled to room tep rature. Subsequently, the 
nanoparticles were precipitated by addition of ~80 mL of ethanol. The precipitated 
nanoparticles were centrifuged at 3500 rcf for 3 min and washed 3 times with ethanol. 
The nanoparticles were dried in vacuum oven at room te perature over night and then 
transferred to a glove box under nitrogen. Subsequently, the nanoparticles were dissolved 
35 
 
in 5 mL of deoxygenated toluene. From this moment all the nanoparticles were handled 
under nitrogen. The final weight (273 mg) was determined based on the amount of silver 
only, by measuring the concentration of silver using ductively coupled plasma – 
emission spectrometry (ICP-ES). iii  The size of the nanoparticles measured with TEM was 
4.3 ± 1.5 nm. 
 
2.3. Reacting OA-Coated Silver Nanoparticles with Thiols – Place Exchange Reaction 
The thiol of choice or mixture of thiols, with 33% or 66% of dodecanethiol (DDT) 
by mole in the mixture of two thiols, was added to the known volume of the stock 
solution of OA-coated silver nanoparticles (concentration 54.6 mg / mL) in 1.5 times 
excess,iv and the mixture was stirred for about 2 h. After that the particles were then 
precipitated with addition of about 3mL of hexane. The resulting precipitate was 
repetitively washed with hexane until only weak fluorescence was observed in the 
supernatant upon UV-irradiation (usually about 5 washes). The fluorescence could not be 
completely eliminated. 
 The choice of 1.5 times excess in the place exchange reaction described above 
was determined based on small scale test. Small volumes of the AgNP stock solution 
were mixed with specific volumes of prepared stock solutions of the thiols. The volumes 
of the thiols used were based on the calculation of the stoichiometry in the footnote,iv the 
                                                           
iii  The procedure for the sample preparation for ICP-ES is described in the instrumental section devoted to 
this technique 
iv The stoichiometry of the reaction was calculated assuming the thiol footprint2 (Fthiol) of 18 Å
2 and the 
total mass of starting NP’s (mNP) coming from metallic silver with density
3 dAg = 10.5 g/cm
3. The total 






3= where r is particle radius (2.13 nm). The 




n = . 
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thiols would be in 1, 1.5, 2 and 3 times excess.v Also an equivalent of the TPDC4SH was 
used without AgNP as a reference sample. After 2h the particles were precipitated with 
the same volume of hexane for each sample and centrifuged at 3500 rcf; the same volume 
was also added to the reference sample. The supernatants were collected and their UV-vis 
absorption spectra were recorded. Figure 2.1 shows the pectra of the supernatants after 
reaction of the AgNP with TPDC4SH, and the reference solution. 
 
 
                                                           
v The values of excess are equivalent to the molar percentages of the thiols with respect to the available 
binding sites shown in the Figure 2.1. 
 
Figure 2.1. UV-vis spectra of supernatants after a small scale place exchange reaction of OA - AgNP 
with TPDC4SH. The legend shows molar percentages of the thiols with respect to the available binding 
sites, which were determined according to the calcul tion provided in footnote iv. 100% Ref is a 
reference spectrum of a solution with the molar amount of the TPD-thiol equivalent to 100% of 
available binding sites that was not exposed to silver nanoparticles. All the supernatants and the 
reference solution had the same volumes. 
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The reference solution has the molar equivalent of the TPD-thiol to 100% of the available 
binding sites of the AgNP used in this experiment.  
 The spectrum of the supernatant after place exchange reaction for the sample with 
100% of the calculated coverage (or equivalent number of TPDC4SH to the number of 
available binding sites) is not distinguishable from baseline. The spectrum with 200% of 
the calculated coverage (or 2 times excess) has the am  intensity as the reference sample. 
The spectra of the rest of the samples scale quantitatively with the amount of thiols used. 
This suggests stochiometric reaction of thiols with the AgNP. Thus, 1.5 times excess 
value was chosen for the large scale synthesis in order to ensure full coverage of AgNP 




2.4. Nomenclature of the Prepared AgNP / Thiol System  
 The AgNP / thiol systems are named in the following way: AgTPDCx-z, where x 
= 3, 4, 8 or 12, and z = I, II or III. Number x repsents number of carbon atoms in the 
alkyl linker of the TPD ligand and roman number z is larger for larger fraction of 
dodecanethiol used during the exchange of ligands. The nomenclature is summarized in 
the Table 2.1. 
 
 
2.5. Stability of the AgNP / Dye Systems – Choice of Solvents 
UV-vis absorption spectra of silver nanoparticles dissolved in toluene decay over 
time and nanoparticles stain walls of the cuvette. Stability of AgNP in solution can be 
significantly improved by mixing toluene with small amount of DMF. Mixture of 5:1 
toluene and DMF was chosen, since the AgTPDCx-I do not stain glass over a very long 
time, at least 48 h; AgNP with mixed ligands stain glass sooner and the observed trend is 
that the higher fraction of DDT the faster glass staining was observed.  
Table 2.1. Nomenclature of the nanoparticles with the composition of their organic monolayers. 
 
Sample name Molar %  Sample name Molar %  
AgTPDC3-I 100% AgTPDC8-I 100% 
AgTPDC3-II 66% AgTPDC8-II 66% 
AgTPDC3-III 33% AgTPDC8-III 33% 
AgTPDC4-I 100% AgTPDC12-I 100% 
AgTPDC4-II 50% AgTPDC12-II 66% 




2.6. Experimental Methodology 
2.6.1. FT-IR 
A nitrogen-purged Digilab FTS-600 FT-IR instrument equipped with an MCT 
detector was used for measuring IR absorption spectra of films. A KBr disc was used as a 
substrate for the films in the measurements. 126 scans were collected for each spectrum 
with 2 cm–1 resolution. Each solution transmission spectrum was referenced to the 
transmission spectrum of clean KBr disc and the baseline was corrected manually using 
the spline function approach. 
 
2.6.2. UV-Vis-NIR Absorption and Fluorescence Spectros opy 
Absorption spectra of solutions in quartz cuvettes w re recorded on a Shimadzu 
UV-3600 UV-Vis-NIR spectrometer. Fluorescence spectra of solutions in quartz cuvettes 
were acquired on a Fluorolog 2 spectrofluorimeter from Horiba Jobin Yvon and were 
corrected for instrument response. 
 
2.6.3. NMR Experiments 
1H NMR spectra were recorded using Bruker DRX-500 or Va ian Gemini-300 
spectrometers. Measurements of T1 and T2 relaxation times of CD2Cl2 solutions of Ag 
NPs were performed with the use of a Bruker DRX-500. T1 relaxation time 
measurements were performed using the conventional population-inversion recovery 
method, and the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was employed in T2 




2.6.4. Transmission Electron Microscopy (TEM) 
A toluene solution of each NP sample was drop casted onto a holey carbon-coated 
copper grid substrate. The analysis was performed using a JEOL 100 CX-II system at 100 
kV acceleration voltage. The instrument is equipped with a calibrated CCD camera that 
was used to acquire the images. More than 400 particles were analyzed for each sample 
using the freeware ImageJ to obtain particle size dstribution. 
 
2.6.5. Inductively Coupled Plasma – Emission Spectros opy (ICP-ES) 
 The ICP-ES analysis was performed by the Chemical An lysis Laboratory at the 
Institute of Paper Science and Technology at Georgia Institute of Technology. The 
aqueous solutions for ICP-ES analysis were prepared by oxidizing small volumes, 20 – 
160 µL, of the stock solutions of nanoparticles with 0.5 mL HNO3 followed by dilution 
with 10 mL of distilled water.  
 
 
2.6.6. Time-Correlated Single Photon Counting (TCSP) 
Fluorescence lifetimes of solutions were measured using the time-correlated 
single-photon counting technique. A schematic representation of the optical setup is 
shown in Figure 2.2. A femtosecond mode-locked Ti:Sapphire laser (Tsunami, Spectra-
Physics) pumped by a 5W diode laser (Millennia, Spectra-Physics) was used as the 
excitation source. The laser generated pulses of mean power ~0.5 W with the repetition 
rate of ~81 MHz at 730 nm. The laser beam was split (BS2) and a small fraction of the 
light was directed to a spectrum analyzer. The rest of the beam was split again (BS2) and 
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ca. 5% of the beam was focused onto the timing photodi de (Newport 818-BB-21A, 
PD1). The photodiode signal was used to drive a constant-fraction discriminator 
(Tennelec TC455 Quad, CFD2). The rate of the discriminator output pulses was reduced 
sixteen times with the use of a frequency divider (FD, Pulse Research Lab, PRL-256N). 
The divided signal was sent through another constant fr ction discriminator (CFD4) to 
the stop input of a time to amplitude converter (Ortec 457, TAC). The majority of the 
laser beam was focused onto a BBO crystal and frequency doubled. The resulting second 
harmonic (365 nm) and the fundamental beams were separated after passing a quartz 
prism and a half-wave plate. The fundamental beam was blocked and the frequency 
doubled beam was sent through a pinhole to a Glan-Thompson polarizer (POL1) with the 
transmitted polarization direction oriented perpendicularly to the surface of the table. The 
power at the sample was controlled by rotating the polarization plane of the half-wave 
plate. The beam was passed through a beam splitter (BS3) and the reflected light was 
focused onto a DC-coupled photodiode (Thorlabs DET210, PD2) connected to a series 
RC circuit with a time constant of 0.22 sec. The output of the RC circuit was connected 
to an input of a DAQ board (National Instruments, USB-6221 BNC) connected via a 
USB port to a PC. This electronic setup was used as the “signal integrator”, effectively 
measuring the relative energy dose at the sample. Th  transmitted beam was focused on 
the sample by a quartz lens with a 30 cm focal length. The sample holder was masked so 
only a small portion of the fluorescence light was collected. The fluorescence was 
detected at 90o with respect to the excitation beam. The fluorescence light was collimated 
by a quartz lens and sent through a sheet polarizer (POL2) with its polarization plane at 
the magic angle (54.7o) to the normal of the surface of the table. The light was then sent 
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through a depolarizer (DEPOL) and focused onto the entrance slit of a monochromator 
(Instruments SA H10, 1200 grooves/mm, 100 mm path length, Mono). The 
monochromatic light was then sent to a photomultiplier tube (Hammamatsu R1564U-01, 
PMT) biased at 3250 V. The pulses from the photomultiplier were amplified by a 1 GHz 
amplifier (Ortec 9306, Amp) and sent to a constant fraction discriminator (CFD3) and 
then to the start input of the time-to-amplitude converter (TAC). The output of the time-
to-amplitude converter was directed to a pulse height analyzer (Ortec-Norland 5600 
Multichannel Analyzer, PHA), and transferred to a personal computer (PC). The PHA 
channel width was determined for each experiment from the distance between two 
consecutive laser pulses and the repetition rate of the laser (measured by the timing 
photodiode PD2 and a pulse counter (Protek B-808)). The Instrument Response Function 
(IRF) was measured before each decay experiment usig silica particles suspended in 
water (Ludox, Aldrich). The full width at half maximum (FWHM) of the response 
function was between 50 and 70 ps. The system was optimized by checking the goodness 
of the fit (χ2, randomness of residual function) and the extracted value of the fluorescence 
lifetime of the fitted decay function of 1,4-bis(5-phenyloxazol-2-yl) benzene (POPOP) in 
degassed cyclohexane.17,18 Generally values of χ2 lower than 1.20 indicated good fits. In 
order to ensure operation in the linear regime of the electronics, the count rate at the Start 
input of TAC was kept below 10 kcps. Both IRFs and decays were collected until the 
number of counts at maximum reached 10,000, althoug for unstable NP samples only 
5,000 counts at maximum were collected. The experimental data were fitted using the 






2.6.7. Nanosecond Transient Absorption (TA) 
The measurement of the visible transient absorption spectrum of ca. 1 × 10-5 M 
toluene solution of TPDC12 was performed with the help of Mr. Matteo Cozzuol (the 
Perry group). The solution was degassed by the freeze-pump-thaw technique and kept in 
a sealed quartz cuvette with a 1 cm optical path. Figure 2.3 shows a schematic of the 
optical setup for the TA measurement. The 355 nm excitation beam in the nanosecond 
transient absorption setup was generated by a nanosecond Q-switched laser (Newport 
Spectra Physics Quanta-Ray PRO-250-10) with 8 ns pulse duration. The energy of the 
 
 
Figure 2.2. Scheme of the optical layout of TC-SPC experiment; L = lens, A = aperture, λ/2 = Half-
wave plate. See text for the details. Schematics provided by Dr. Michal Malicki. 
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pulse was measured using a PE25BB pyroelectric headconnected to an Ophir Nova II 
power meter and the power stability was constantly monitored during the measurement. 
This was done by placing a glass slide along the propagation path of the excitation beam 
and redirecting ca. 4 % of the excitation beam to an amplified silicon PIN detector 
(Newport 818-BB-21A). The collected signal was converted to a DC output in the range 
from 0 to 10 Volts by a gated integrator (SRS SR250). A National Instrument BNC-2110 
data acquisition interface was used to save the data into a personal computer. A white-
light source (Newport, 250 W tungsten lamp, driven by a 300 W radiometric power 
supply, model 69931) was used as the probe. The angl  between the pump and the probe 
light was about 15° and it was kept as small as possible to maximize the pump-probe 
spatial overlap. After passing through the sample, the probe light was sent to a 
monochromator (PI SP150) and then to an PIN detector (HCA-S-200M-Si). The electric 
signal from the photodiode was detected with an oscill ope (Tektronix TDS 3034b), 
triggered by the Quanta-Ray Q-switch pulse, and recorded into a personal computer 
memory via a GPIB interface. Changes in optical density as a function of time, ∆OD(t), 
were calculated according to: ∆OD(t) = -log (I(t) / I0), where I0 is an averaged signal 
from the photodiode measured before the laser pulse, and I(t) is the photodiode signal 





2.6.8. Femtosecond Broad-Band Transient Absorption  
Femtosecond transient absorption spectra were acquired sing a commercially 
available transient absorption spectroscopy system (Newport, Helios). The optical layout 
is shown in Figure 2.4. This system accepts two input laser beams, one of variable 
wavelength used as the pump beam and one of a fixedwavelength (800 nm) used to 
generate the probe beam in a proprietary nonlinear optical crystal. For the pump beam, 




Figure 2.3. Scheme of the optical layout of the nanosecond TA experiment; BS = beam splitter, L = 
lens, F = filter, M = mirror, A = aperture, C = collimator, O = microscope objective, Mono = 




at a repetition rate of 1 kHz, pumped by a Ti:Sapphire regenerative amplifier (Newport, 
Spitfire). The TOPAS output was set to 700 nm with a pulse width of approximately 120 
fs (FWHM) and frequency doubled using a BBO crystal, resulting in the excitation 
wavelength of 350 nm. Approximately 5% of the Spitfire fundamental at 800 nm was 
used for NIR white-light continuum (WLC) generation (400 – 750 or 850 – 1650 nm) in 
the Helios nonlinear crystal to provide the experimntal probe beam. The polarization of 
the excitation beam was set to the magic angle withrespect to the polarization of the 
probe beam in order to sample pure depopulation dynamics. With these specifications, 
the instrument response function (IRF) was approximately 300 – 400 fs (FWHM).vi The 
temporal window that can be studied is 3200 ps wide. At each temporal delay point, data 
were averaged for 2 s. The Helios pump beam was chopped at 500 Hz to obtain pumped 
(signal) and non-pumped (reference) absorption spectra of the sample. The data were 
stored as 3-D Wavelength-Time-Absorbance matrices that were exported for use with the 
fitting software.  
 
                                                           
vi IRF was assumed to have a Gaussian profile and its width (FWHM) was estimated based on fitting of 
time resolved data of various samples in the software provided by the manufacturer of Helios (Surface 
Xplorer Pro from Newport, Spectra Physics). The fitting procedure takes into account IRF with its width as 
one of the parameters. Allowing IRF width to be a floating parameter returned values between 300 and 400 




An optical Kerr effect (OKE) experiment on a sample of CCl4 was performed in 
order to measure the temporal chirp of the signal. Briefly, the sample was pumped with a 
350 nm light with polarization vertical to the optical table surface. The WLC probe light 
was also vertically polarized and passed through the irradiated sample. The probe beam 
was sent to the detector through a polarizer which was set to horizontal polarization. The 
OKE signal was then collected for different pump-probe delay time. As can be seen in 
Figure 2.5, the normalized OKE signals at different wavelengths do not show significant 
temporal shift with respect to each other. This illustrates no appreciable temporal chirp of 
the WLC probe in the NIR region and therefore chirp correction of the acquired transient 




Figure 2.4. Schematics representing optical layout of the femtosecond transient absorption setup. 




The studied solutions of NPs had OD350 of between 1.8 and 2.5 in a 2 mm path 
length quartz cuvette, and were stirred continuously throughout the data acquisition. A 
neat film of TPDC12 was prepared by drop casting from a toluene solution. Slow solvent 
evaporation resulted in a film of very good optical quality. All samples were photostable 
under the applied excitation conditions (subsequent measurements showed no change of 
the transient signal after ca. 10 minutes of signal acquisition). Excitation pulse energy 
values of 0.48 µJ, 0.96 µJ, 1.44 µJ and 2.4 µJ at the sample were used for the 
measurements of the NP solutions, a solution of TPDC12SH in 5:1 mixture of toluene 
and DMF, and the neat film of TPDC12, respectively. The excitation beam spot size at 
the sample was determined to be 315 µm (HW1/e). 
 
Figure 2.5. Normalized OKE signal as a function of pump-probe dlay measured at different 




The excitation beam with photon fluence Φ0 = 3.4 × 10
14 photons/cm2 at the front 
face of the samplevii was propagated through the 2 mm path length of a sample containing 
known concentrations of AgNP metallic cores and TPD moieties (as estimated from the 
absorbance of the samples), describing the system as a series of thin slabs with planes 
perpendicular to the direction of beam propagation.viii  In the calculation the sample was 
divided into 1000 slabs. Excitation beam attenuation and ground-state population 
depletion of both the metallic core and the TPD moiety in each slab were computed 
according to the following equations and then used as input for the following slab: 
   =  !"#$
% "#$∗ '#$!"()% "()∗ '()*+,   (2.1)  
       "#$∗  = "#$% ! − #$.'    (2.2)  
      "()∗  = "()%  − ().    (2.3) 
where Φ0, Φ01 are the excitation beam fluence values at the i’t  slab and in the slab 
immediately before respectively, 2345 , 26785  are the ground-state populations of the 
AgNP metallic core and the TPD moiety respectively, 234∗ 9, 2678∗ 9 are the excited-
state populations of the AgNP metallic core and the TPD moiety in the i’th slab 
respectively, :34 , :678  are the ground-state cross sections at 350 nm for the AgNP 
metallic core and the TPD moiety respectively, and Δ< is the path length of the slab. Such 
                                                           
vii The fluence was calculated using the measured power f the excitation (pump) beam at the front face of 
the sample (2.4 mW), repetition rate of the laser (1 kHz), the photon energy (5.7×10-19 J), and the overlap 
of the pump and probe beams, both of which were measur d to have a Gaussian function spatial 
distribution with parameters σpump = 315 µm (HW1/e) and σprobe = 170 µm (HW1/e). For further calculations 
the intensity profiles of the overlapped beams were assumed to be constant over the overlap region. 
viii  This approach was taken in order to account for both the ground-state depletion of the two-component 
system (TPD moiety and AgNP metallic core) and the excitation beam attenuation through the sample as 
the studied solutions had high absorbance values at the excitation wavelength. 
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computation was repeated for each slab until the end of the path length was reached (i = 
1000). The output of the calculation was the value of fluence of the excitation beam after 
passing through the sample, and the total initial excit d-state populations of both the Ag 
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CHARACTERIZATION OF SILVER NANOPARTICLES 




Adsorption of ligands onto metal nanoparticles has been extensively studied in the 
last decade.1-4 In particular, research activities addressing chemistry and physics of alkyl 
thiolates-coated gold nanoparticles have sprouted aft r the development of the synthetic 
method reported by Brust et al.,6 which allows for the synthesis of large quantities of gold 
nanoparticles (ca. 5 nm in diameter) protected with thiolate ligands. Due to the ease of 
functionalization with a variety functional groups and often good solubility of such 
nanoparticles in many organic solvents, a wide range of analytical techniques could be 
used for the characterization of such nanoparticles. These systems have been extensively 
studied with TEM,7 absorption spectroscopy,8 FT-IR9 and Raman10 spectroscopies, NMR 
spectroscopy,3, 11 XRD,4, 12 XPS13 and other techniques.13, 14 The properties of monolayers 
on surfaces with high curvatures are often different from those on flat surfaces, e.g., the 
interaction between ligands or the degree of packing have been shown to be affected by 
the surface curvature.15 This can be rationalized by invoking the concept of free volume16 
and its dependence on the distance from the curved surface, as presented in Figure 3.1. 
Parts of molecules, such as alkylthiols, close to the particle surface experience less 
freedom of movement (dashed line ellipse b) than the parts located further away from the 
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surface (dashed line ellipse c), assuming that the lines representing the solid angle in 
Figure 3.1 represent boundaries for the molecule move ents. The angle is determined by 
the footprint of the molecule on the surface. The gradient of free volume as a function of 
distance from the surface decreases (dashed line elpse b’ and c’) for larger particles, i.e., 
for less curved surfaces, and eventually goes to zer in the case of flat surfaces. As a 
consequence molecules attached to small spherical nanoparticles can experience more 




This chapter deals with chemical characterization of silver nanoparticles (AgNP) 
functionalized with N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) ligands or 
mixtures of TPD ligands and dodecylthiol (DDT). TPD is a chromophore whose 
photophysical properties are presented in Chapter 4 and DDT is an optically inert ligand, 
which is used to vary the concentration of the TPD ligands on the surface of the 
nanoparticles. The concentration of TPD ligands – an important parameter that 
 
 
Figure 3.1. Schematic drawing of two spheres characterized by different diameters with cones 
representing solid angles. The angles were chosen such that their cross-section at the surface is the same 
as the molecular footprint on the surface (a = a’). The horizontal lines visualize various distances from 
the surface of the spheres and the dashed ellipsis b, b’, c and c’ define values of the free volume within 
the cones at those distances. 
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characterizes the studied systems – is lower in the mixed-ligand systems than in the 
nanoparticles coated only with TPD ligands. The comp sition of the systems AgNP – 
organic ligands is summarized in Table 3.1. A verity of analytical techniques was utilized 
to analyze these systems. TEM was used to determine the size distribution of the metallic 
cores of the Ag nanoparticles. UV-Vis absorption, IR absorption and NMR 
spectroscopies were used to investigate the chemical character and structure of the 
organic ligands. Molar extinction coefficients of silver nanoparticles as well as the 
footprints of the TPD-ligands have been determined from absorption spectroscopy and 
compared with the results obtained from TGA studies. Understanding of the structure of 
the TPD / AgNP systems studied herein is crucial for the discussion regarding the 
photophysics of these systems presented in the Chapter 5.  
 
3.2. TEM Analysis 
TEM allows for imaging of metallic cores of nanoparticles with sizes down to ca. 
1 nm.17, 18 Apart from establishing the size distribution of the metallic cores, TEM 
imaging allows for the measurement of the spacing between metallic cores, which often 
form well ordered 2D arrays on the surface of TEM substrates. This, in principle, makes 
it possible to establish the thickness of the shell of organic ligands attached to the surface 
of metal nanoparticles.4, 19  
TEM results are presented in Figures 3.2 and 3.3 and the summary of the data 
analysis is given in Table 3.1. As can be seen from the images shown in Figure 3.2 most 
of the particles are spherical or close to spherical with average diameters being rather 







Figure 3.2. TEM images of silver nanoparticles a) Ag NPs protected with oleylamine before the place-
exchange reaction, b) AgTPDC3-I, c) AgTPDC3-II, d) AgTPDC3-III, e) AgTPDC4-I, f) AgTPDC4-II, 
g) AgTPDC8-I, h) AgTPDC8-II, i) AgTPDC8-III, j) AgTPDC12-I, k) AgTPDC12-II and m) 
AgTPDC12-III. (scale bar = 20 nm). 
l) k) j) 











Figure 3.3. Histograms of diameters of silver nanoparticles measured from TEM images for a) Ag NPs 
protected with oleylamine before the place-exchange reaction, b) AgTPDC3-I, c) AgTPDC3-II, d) 
AgTPDC3-III, e) AgTPDC4-I, f) AgTPDC4-II, g) AgTPDC8-I, h) AgTPDC8-II, i) AgTPDC8-III, j) 
AgTPDC12-I, k) AgTPDC12-II and m) AgTPDC12-III. 
 
l) k) j) 
i) h) g) 
f) e) d) 
c) b) a) 
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As mentioned before, additional information that can be obtained from TEM 
images is related to the distance between nanoparticles in an ordered array formed on the 
surface of the TEM substrate.4 The measurements of the distance between the surfaces of 
adjacent nanoparticles can provide insight about shell t ickness that the ligands form 
around the nanoparticles, or whether the ligands from one particle can penetrate the 
ligand shell of the other particle, process known as interdigitation.20 This type of 
information from TEM images is an approximation due to the fact that micrograph only 
shows the projection of the particles onto horizontal plane (XY), which means that the 
distance between nanoparticles recorded is inaccurate if the particles are vertically 
displaced. These instances contribute to underestimation of the measurement. The other 
possibility of an error comes from the fact that a shell composed of organic ligands is 
invisible under TEM, thus making it impossible to determine whether the shells are in 
contact with each other. This overestimates the results. However, from the areas of the 
image where particles form ordered 2D arrays, it ispo sible to do statistical analysis in 
order to estimate the inter-particle spacing or at le st do comparative studies of the 
nanoparticles protected with different ligands or mixture of ligands. A summary of such 
measurements performed on the TEM images acquired for the NPs studied herein are 




A fully extended TPDC3SH molecule is about 2.0 nm long.ix Lengths of the other 
ligands were obtained by adding 1.26 Å per additional CH2 groupx in the alkyl chain to 
the length of TPDC3SH ligand. The measured values of the average inter-particle 
distance are found to be slightly lower than twice th  length of fully extended TPDC3SH 
                                                           
ix The length, L, of fully extended TPDC3SH ligand was estimated based on the optimized geometry of the 
molecular structure of the ligand, by measuring the distance from the sulfur atom to the further most me hyl 
group on aromatic end group of the ligand. The geometry of the molecule was optimized using the 
molecular mechanics 2 (MM2) option in ChemBio3D Ultra 11.0.  
x The added length to the alkyl chain was calculated based on bond length between carbon atoms of 1.54 Å 
and a bond angle of 109.5°.  
 
Table 3.1. Samples of silver nanoparticles functionalized with TPD ligands and TPD ligand / DDT 
mixtures expressed in percentage of TPD ligand used in the reaction mixture. Average diameters and 
errors were established from the analysis of TEM images. L is the length of a fully extended ligand. The 
bolded font corresponds to the systems without DDT. 
 






AgTPDC3-I 100% 3.5 ± 1.3 3.4 ± 0.6 4.0 
AgTPDC3-II 66% 5.2 ± 1.4 2.7 ± 0.4  
AgTPDC3-III 33% 5.4 ± 1.3 2.4 ± 0.5  
AgTPDC4-I 100% 5.2 ± 1.5 3.6 ± 0.5 4.3 
AgTPDC4-II 50% 4.6 ± 1.4 2.9 ± 0.6  
AgTPDC8-I 100% 4.3 ± 1.2 3.8 ± 0.6 5.3 
AgTPDC8-II 66% 4.2 ± 1.6 3.4 ± 0.5  
AgTPDC8-III 33% 4.8 ± 1.5 2.6 ± 0.5  
AgTPDC12-I 100% 4.1 ± 1.4 4.5 ± 0.5 6.3 
AgTPDC12-II 66% 4.6 ± 1.4 3.1 ± 0.6  




and TPDC4SH molecules. This suggests a rather small degree of interlocking between 
the adjacent shells. As can be seen from Table 3.1, the values of the interparticle distance 
found for systems AgTPDC8-I and AgTPDC12-I are signif cantly smaller than the 
estimated double length of the corresponding ligands. The length difference between the 
studied ligands originates from the number of methyl ne groups in the alkyl spacer 
between the TPD moiety and the thiol group. The measured differences in the 
interparticle-distance values between AgTPDC3-I and AgTPDC4-I (theoretically a 
difference of 2 C-C bonds that is 0.2 nm), AgTPDC3-I and AgTPDC8-I (10 C-C bonds; 
1.2 nm), and between AgTPDC3-I and AgTPDC12-I (18 C-C bonds; 2.1 nm) are 0.2 nm, 
0.4 nm, and 1.1 nm, respectively. This disparity betwe n the theoretical and the measured 
difference in the average interparticle distance betwe n different systems indicate that 
while the degree of interdigitation4 in AgTPDC4-I is similar to that in AgTPDC3-I, 
AgTPDC8-I and to a larger extent AgTPDC12-I show signif cantly higher degree of 
ligand interdigitation than AgTPDC3-I. These result are consistent with the bulky TPD 
end groups being placed at larger distances from the curved surface in the systems 
incorporating TPD-thiols with longer alkyl spacers, where larger TPD-TPD distance 
allows for higher degree of interdigitation. This is entirely consistent with the increased 
density of the end groups in the ligand shell in systems incorporating shorter alkyl 
spacers between the TPD end group and the thiol group.  
The results of the measurements of interparticle distances for the nanoparticles in 
which TPD-thiols are diluted with dodecylthiol show smaller values of distance between 
metallic cores than for the particles coated with TPD-thiols only (Table 3.1). Furthermore, 
the average interparticle distance decreases with the higher degree of dilution. As 
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expected, the smaller number of the bulky TPD moieties on the surface allow for higher 
degree of interdigitation.4 
 
3.3. UV-Vis Absorption Spectroscopy 
Metal nanoparticles have interesting optical properties due to plasmon resonance 
absorption. The position of the plasmon absorption ba d depends on the particle size, 
shape, dielectric function of the metal and dielectric constant of the surrounding medium. 
In the case of spherical particles, in the size range of interest in this study, the position of 
the plasmon absorption band is only weakly dependent on the particle size. Thus, the 
most significant changes in the plasmon absorption band are expected to come from the 
changes in the dielectric properties of the nanoparticles’ immediate surroundings. These 
changes, in the discussed systems, are due to different composition of the organic shells. 
UV-Vis absorption spectra of the nanoparticles functionalized with TPD-thiols 
and TPD-thiols / DDT ligand mixtures in the toluene / DMF solvent mixture are shown in 
the Figure 3.4. Each spectrum shows two peaks: one maximum in the range 430 - 465 nm 
and a weaker maximum or shoulder at ca. 365 nm. The first band is due to the plasmon 
resonance of silver nanoparticles, while the latter originates from the absorption of the 
TPD moieties. Analysis of the data reveals an interesting trend. The position of the 
plasmon absorption band is red shifted for the NP systems prepared with higher fractions 
of TPD-thiols when compared to the systems the smallest fraction of TPD ligands. 
Additionally, the intensity of the band at 365 nm in the normalized absorption spectra is 




These observations are consistent with TPD-thiols being attached to the surface of 
Ag nanoparticles. In accordance to Beer’s law, the increased absorbance due to the TPD-
moiety in the systems prepared with higher fractions f TPD-thiols suggests that more 
chromophores have been attached to the surface of NPs, with respect to the AgNP with a 
lower fraction of the TPD-thiols. The abovementioned r d shift of the surface plasmon 
resonance band is a consequence of Mie theory, according to which the position of the 




Figure 3.4. UV-vis absorption spectra of AgNP functionalized with TPD ligands in 5:1 mixture of 
toluene and DMF of: a) AgTPDC3-I, II, III; b) AgTPDC4-I, II; c) AgTPDC8-I, II, III; d) AgTPDC12-I, 





surrounding medium.8 The dielectric constant of bulk TPD ε(418 nm) = 3.46,21 is 
considerably higher than the dielectric constant of toluene (ε ≈ 2.2 in the visible spectral 
range) 22 and that of dodecanethiol (ε ≈ 2.1).23 Consequently, the overall dielectric 
constant of the ligand shell is larger and the position of the plasmon absorption band red 
shifts for AgNP coated with a denser monolayer of TPD ligands. The largest shifts of the 
surface plasmon resonance band as a function of TPD-thiol fraction used in the synthesis 
are observed for the samples incorporating TPDC3SH. As can be seen from Figure 3.4a 
the surface plasmon resonance maximum shifts from 437 nm for AgTPDC3-III to 461 
nm for the particles coated exclusively with TPDC3-thiol (AgTPDC3-I).xi  A summary of 
the observed surface plasmon resonance band position as a function of the composition of 
the nanoparticle stabilizing ligands, i.e., as a function of the methylene units in the spacer 
between the TPD moiety and the thiol group for different mixtures of TPD-thiols and 
dodecanethiol, is presented in Figure 3.5. Clearly, the largest differences in the position 
of the surface plasmon resonance band as a function of the alkyl-spacer length can be 
seen for NPs coated exclusively with TPD-thiols. The systems incorporating mixtures of 
ligands show a similar trend but to a smaller extent. This phenomenon can be explained 
by the effective dielectric constant of the surrounding medium. The effective dielectric 
constant that is used in the Mie theory is largest for TPDC3SH due to its high 
polarizability and its proximity to the surface. This is consistent with the data shown in 
Figure 3.5. Diluting the polarizable TPD thiol on the surface of AgNPs with DDT 
decreases the effective dielectric constant around each NP resulting in surface plasmon 
                                                           
xi Mie theory predicts that if the dielectric constant of the medium changes from 2.2 to 3.46 the plasmon of 
silver nanoparticles shifts towards red by more than 50 nm. 
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resonant bands that are blue shifted with respect to those measured for NPs coated 
exclusively with TPD-thiols. The introduction of a longer linker between the polarizable 
TPD moiety and the metal surface lowers the effectiv  dielectric constant around each 
NP and, as can be seen in Figure 3.5, results in surface plasmon resonance band positions 
that shift towards the blue for systems with longer alkyl spacers. Dilution of the 
chromophoric ligands with the longest alkyl spacer r sults in much smaller plasmon 
shifts than for the TPD chromophores with shorter alkyl spacer. In fact in the case of 
AgTPDC12-I and AgTPDC12-II the surface plasmon resonance band is the same (431 





Figure 3.5. Position of plasmon absorption maxima (λmax) plotted as a function of number of carbon 
atoms in the linker of the TPD ligands. Percentage of TPD ligands used during synthesis: 100% – black 
squares, 66% – red circles, 50% - blue hallow square, 33% – turquoise triangle. 
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 UV-vis spectra of AgTPDCx (where x = 3, 4, 8 and 12) support the conclusion 
that the TPD ligands are adsorbed onto the surface of silver nanoparticles. Moreover, the 
above observations are consistent with the TPD end group of the ligands being at 
different distances from the metal surface. The extent of plasmon resonance shifts is 
qualitatively consistent with the relative lengths of the linkers in the ligands and also with 
the degree of dilution of the chromophoric shell with dodecanethiol. 
 
 
3.4. FT-IR Spectroscopy 
Infrared spectroscopy has been used for studying the degree of ordering of self 
assembled monolayers (SAMs) on both flat surfaces23, 24 and on the surface of 
nanoparticles,9 often referred to as 2D-SAMs and 3D-SAMs, respectiv ly.13 It has also 
been used to establish presence of chemical groups in the samples of nanoparticle / 
organic ligand systems.9, 25-27 IR spectroscopy is particularly useful for establishing the 
degree of order of alkyl chains.28,29 Fully extended, i.e., all-trans, alkyl chains show the 
highest degree of order, while gauche conformation within chains introduce disorder. 
This information was obtained from the FT-IR studies of crystalline solids and melts or 
solutions of n-alkyl chains5 and polyethylene.30 For example, in FT-IR studies of 
polyethylene the symmetric (νs) and asymmetric (νas) methylene C-H stretching modes 
were observed at 2856 cm-1 and 2928 cm-1, respectively, for the polymer in solution.30 On 
the other hand, in crystalline polyethylene these vibrations were observed at 2850 cm-1 
and 2920 cm-1.5, 30 This shift of the frequency of the modes to higher energies for 
polyethylene in solution when compared to crystalline polyethylene is thought to be due 
to a greater number of gauche defects in the former system.30 The information about the 
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frequencies of the modes for gauche and trans conformations were also applied to the 
monolayers. Studies of 2D-SAMs of alkyl thiols on gold have shown that the positions of 
the bands originating from these vibrational modes change from gauche-defect rich, 
liquid-like for submonolayers (low density of ligands on the surface) to all-trans, 
crystalline-like of dense monolayers for alkyl thiols with chains longer than six carbon 
atoms.23, 24, 31 Shorter chain lengths show liquid-like behavior regardless of the density of 
ligands on the surface.9 Murray and coworkers used infrared spectroscopy to study 
ordering of alkyl thiols on the surface of small gold nanoparticles.9 The authors showed 
that, despite the large surface curvature, the IR spectra of alkyl thiolate ligands attached 
to gold NPs were similar to those measured for the corresponding 2D-SAMs, which can 
be justified by the higher density of ligands15, 16, 32 on the nanoparticles than on a flat 
surface.  
Infrared spectra of the silver nanoparticles functionalized with TPD ligands were 
collected in the range 700-3200 cm-1. Here we focus mainly here is only on the region 
2800-3200 cm-1. In fact, the spectral region from 1200 to 1600 cm-1 is dominated by the 
TPD moiety itself and changes very little between the samples. It is also important to 
mention that the weak signal originating from the S-H stretching mode at 2566 cm-1 
observed for TPDC3SH and TPDC12SH is not present in the corresponding NP samples 
(Figure 3.6). This suggests that the S-H bond is broken 9 upon adsorption of the thiols on 
the silver surface, consistent with previous studies of thiol monolayers33 adsorbed on 






FT-IR spectra acquired for silver nanoparticles coated with TPD-thiols show the 
presence of IR modes characteristic to the free dye (TPDC12SH), thus confirming 
presence of the ligands in the samples of nanoparticles (Figure 3.7). Furthermore, the 
intensity of the aliphatic C-H stretching bands (3000-2800 cm-1) increases with respect to 
the aromatic C-H starching modes, with the number of carbon atoms in the linker chain, 
which is consistent with the structure of the ligands. 
 
 
Figure 3.6. S-H stretching mode at 2566 cm-1 of neat films of TPDC3SH and TPDC12SH, compared 
with the same spectral region of AgTPDC3-I and AgTPDC12-I. The films were cast onto a KBr disc 




As described before, the position of the bands originating from the methylene C-H 
stretching modes can bring insights into the degree of ordering of the alkyl spacers on the 
nanoparticles surface. Figure 3.8a shows IR absorption spectra of the unbound TPDC3SH, 
AgTPDC3-I, and N,N’-diphenyl-bis(3-methylphenyl)-biphenyl-4,4’-diamine 
(commercially available TPD without any linker). Looking at the region of interest 3000 
cm-1, one can see that the position of the methylene C-H vibrations overlaps with the 
position of the methyl groups of TPD. However, the intensities of the peaks from the 
methyl groups are weak compared to the intensity of the peaks from C-H vibrations of 
the methylene groups, even for the TPD ligand with the shortest aliphatic chain. It can be 
assumed, based on this evidence that the positions of the maxima are predominantly due 
to bands corresponding to –CH2- stretching modes.  
 
 
Figure 3.7. FT-IR spectra of neat films of NP samples studied h rein cast onto a KBr disc. The spectra 








Figure 3.9. FT-IR spectra of the NP systems studied herein. The spectra were normalized at 3030 cm-1 
and displaced vertically for clarity.  
 
 
Figure 3.8. a) FT-IR spectra of TPDC3SH, AgTPDC3-I, and of TPD, normalized at  





 The positions of νs and νas bands for TPDC3SH and AgTPDC3-I are somewhat 
unusual, as νs = 2863 cm
-1 suggests a gauche-rich and νas = 2920 cm
-1, on the other hand, 
a trans-rich conformation. A similar behavior, however, has been observed9 for 
butanethiol-coated gold nanoparticles and it was attribu ed to highly disordered, liquid-
like conformation of the ligands. AgTPDC4-I bands are shifted towards lower energies 
(Figure 3.9, Table 3.2) with respect to AgTPDC3, νs = 2860 cm
-1 and νas = 2917 cm
-1, 
indicating fewer gauche defects9 than in AgTPDC3-I. A predominantly all-trans 
conformation is instead seen for AgTPDC8 (νs = 2850 cm
-1 and νas = 2917 cm
-1) and 
AgTPDC12-I (νs = 2850 cm
-1 and νas = 2920 cm
-1). A comparison of AgTPDC12-I and 
TPDC12 (νs = 2853 cm
-1 and νas = 2923 cm
-1 ) is presented in Figure 3.8b and suggests 
that the unbound ligand in the neat film shows more gauche defects, i.e., more liquid-like 





FT-IR spectra of the nanoparticles modified with mixture of ligands - TPDCxSH 
(x = 3, 4, 8, 12) and DDT - are shown in Figure 3.10 and compared to the spectra of the 
nanoparticles functionalized exclusively with TPD ligands. It is clear that the signal 
intensity in the 2800 - 3000 cm-1 region of the normalized spectra, to the aromatic C-H
mode, is higher for the mixed-ligand systems than for the nanoparticles coated 
exclusively with TPD-thiols. This confirms the presence of different amounts of DDT in 
the systems that were prepared in the presence of mixture of TPD-thiols and DDT.  
 
Table 3.2. Frequency of the symmetric (νs) and asymmetric (νas) methylene C-H stretching modes for 
the systems studied herein as well as for crystalline polyethylene30 (PE) and for a polyethylene 




AgTPDC3-I 2920 2863 
AgTPDC4-I 2917 2860 
AgTPDC8-I 2917 2850 
AgTPDC12-I 2920 2851 
Crystalline PE 2920 2850 
Solution PE 2928 2856 









Figure 3.10. FT-IR spectra, normalized to the aromatic C-H stretching mode, of neat films of the NP 




3.5. NMR Spectroscopy 
1H NMR spectroscopy is a commonly used technique for studying organic ligands 
adsorbed onto metal nanoparticles.3, 34 A considerable number of literature reports 
involve NMR investigations of gold nanoparticles functionalized with alkylthiolate 
ligands.3, 11, 34, 35 At the same time only few reports deal with NMR studies of organic 
monolayers adsorbed onto silver nanoparticles.2 The 1H NMR data acquired for the silver 
nanoparticles systems described in this thesis was used to provide further insights into the 
composition and structure of the studied systems. In particular, spin-spin relaxation time 
(T2) measurements were performed in order to address structural aspects of the TPD-thiol 
monolayers,3, 36 from which the relative degree of packing of the aromatic end groups 









Figure 3.11. 1H NMR spectra of CD2Cl2 solutions of silver nanoparticles: a) AgTPDC3-I – top 
spectrum, AgTPDC3-II – middle spectrum, AgTPDC3-III – bottom spectrum; b) AgTPDC4-I – top 
spectrum, AgTPDC4-II –bottom spectrum.  1H NMR spectrum of TPDC4SH in CDCl3 (provided by Dr. 
Michal Malicki) is included in the uppermost graph for comparison (red line). The full width at half-








Figure 3.11 and 3.12 show the 1H NMR spectra of CD2Cl2 solutions of silver 
nanoparticles studied herein. Each spectrum exhibits two broad bands: one around 6.8 
ppm (aromatic protons) and another at ca. 2 ppm (aliph tic protons). The broad bands in 
most cases are also accompanied by sharp lines on top of them. In order to help identify 




Figure 3.12. 1H NMR spectra of CD2Cl2 solutions of silver nanoparticles: a) AgTPDC8-I – top 
spectrum, AgTPDC8-II – middle spectrum, AgTPDC8-III – bottom spectrum; b) AgTPDC12-I – top 
spectrum, AgTPDC12-II – middle spectrum, AgTPDC12-III – bottom spectrum. The full width at half-





plotted together with spectrum of TPDC4SH ligand. The spectral lines of the TPDC4SH 
ligand are positioned on the lower field side of the band maximum at around 6.8 ppm. 
The spectrum of AgTPDC4-I shows sharp peaks on the low r field side of the band, and 
the peak positions agree well with the positions of the peaks of TPDC4SH. The broad 
band at 6.8 ppm is a result of broadening of the 1H NMR lines of the aromatic protons of 
the TPDC3SH ligands due to homogenous and inhomogene us broadening.3, 37 More 
detailed discussion about the broadening mechanisms will be provided later in this 
section. The sharp features, on the other hand, can be assigned to free ligands, which are 
present in the solution together with the adsorbed ligands.xii The presence of a broad band 
and sharp features in the aliphatic-proton region ca be explained analogously to the 
description of the aromatic-proton signals.  
The relative intensities of the aliphatic and the aromatic bands should be also 
indicative of DDT present in the samples. Table 3.3 summarizes the integrated signals of 
the aliphatic band normalized to the aromatic one.xiii  The increasing values of the 
aliphatic-proton signal integral for the systems incorporating higher fractions of DDT in 
the mixed-ligand monolayers are in agreement with the larger amounts of alkyl chains in 
these systems.xiv  
The measured values of the integrated aliphatic-proton signal are most likely 
underestimated in all cases. Lica et al. demonstrated that 1H NMR peaks of protons on 
the methylene group in the α-position to the thiol group in octylthiol adsorbed on gold 
                                                           
xii It is shown in this section below that T2 is much longer for the sharp peaks than the broad ban . 
xiii The signal was integrated in the range from -2.5 to 4.5 ppm and from 4.5 to 10.0 ppm for the aliphatic- 
and the aromatic-proton bands, respectively. The obtained integral values were multiplied by a factor such 
that the integral of the aromatic-proton band was equal to unity for each spectrum. 
xiv Due to multiple sources of error the values in Table 3.3 can be considered only qualitatively. 
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nanoparticles do not show any signal, while the remaining protons show signals that are 
significantly broaden and shifted downfield.34 The lack of signal from protons on the 
methylene group in the α-position to the thiol group is thought to be caused by the effect 
of their proximity to the metal surface.34 If this is also the case for the systems studied 
herein, this effect leads to an underestimation of the aliphatic-proton band integral values. 
The possible mechanisms of broadening and shifts of the peaks are discussed bellow.  
 
 
The fraction of desorbed chromophoric ligands can be estimated by comparing 
integration values of the sharp features present in the spectra with the integral of the 
Table 3.3. Values of the integrated 1H NMR signal in the aliphatic-proton band region normalized to 
the integrated aromatic-proton band.v The numbers in parenthesis represent the expected values, for the 







AgTPDC3-I 0.4 (0.5) AgTPDC4-I 0.4 (0.6) 
AgTPDC3-II 0.7 AgTPDC4-II 0.9 
AgTPDC3-III 1.4 
  
AgTPDC8-I 0.6 (0.9) AgTPDC12-I 0.9 (1.2) 
AgTPDC8-II 0.9 AgTPDC12-II 1.5 




whole band.xv  The integrated NMR signal of the sharp features that are present in the 
aromatic-proton region was found to be less than 2% of the broad band for all samples. 
Such comparison can be justified based on the observation that the spin-lattice relaxation 
time (T1) is comparable for free and bound ligands, as discussed bellow. 
 
3.5.1. The Source of Line Broadening 
There are two major mechanisms contributing to broadening of NMR lines of 
organic ligand coated metal nanoparticles: inhomogeneous and homogenous broadening.1, 
3, 11, 35, 36 Inhomogeneous broadening originates from the distribution of chemical shifts 
caused by different environments the molecules experience on the surface of a NP. It has 
been proposed that different binding sites, i.e., trraces, edges, and vertices, lead to 
different chemical shifts thus contributing to the broadening of the 1H NMR signals.1 
Peaks of α- and β-CH2 groups in thiolates adsorbed on Au nanoparticles experience the 
most severe broadening and this effect falls off sharply with the distance from the metal 
surface.27 Homogenous broadening, on the other hand, is associ ted with proton 
relaxation times. The half-width of an NMR signal is inversely proportional to the 
relaxation time of the species giving rise to the signal. The line width is therefore 
dependent on the fastest type of relaxation.37 Normally the spin-spin relaxation time, T2, 
is much shorter than the spin-lattice relaxation, T1, thus: 
     @/ ~       (3.1) 
                                                           




The NMR relaxation times (T1 and T2) are influenced by temperature, viscosity of 
the medium and size of the molecules, e.g., in crystalline solids where both translational 
and rotational movements of the molecules are stopped, T1 values are exceptionally large, 




The AgNP systems under investigation show T1 values of ca. 3 seconds, only 
slightly larger than T1 measured for free ligands in solution (Figure 3.13). The sharp 
peaks in Figure 3.13 are due to the presence of unbound ligands. This actually provides 
us with a means for the direct comparison of spin-lattice relaxation times of the 
chromophores attached to the nanoparticles and of the unbound ligands in solution. It is 
evident from Figure 3.13 that the spectral evolution of both the broad aromatic-proton 
band as well as that of the sharp features is very similar. This is consistent with the TPD 
 
 
Figure 3.13. 1H NMR spectral changes during T1 experiment performed for AgTPDC3-I in CD2Cl2. 
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ligands, attached or not to the nanoparticles, being dissolved in a solvent. The 
inhomogenity of the magnetic field introduced by a random movement of the solvent 
molecules (lattice) should be similar for both free ligands and the ligands anchored to the 
nanoparticles. 
Spin-spin relaxation, T2, on the other hand, is affected by nuclei precessing with 
the same frequency very close to each other, where energy can be exchanged between the 
nuclei, leading to dephasing of the magnetization in the sample. The exchange of the 
energy between nuclei is more efficient when the nuclei are close to each other for a long 
time, such as in concentrated solutions or a crystalline material, than in dilute solutions. 
This process certainly should decrease spin-spin relaxation time of the systems of tightly 
packed ligands on nanoparticle surface and in principle should be indicative of the degree 






Figure 3.14. Selected spectra acquired at different delays during a CMPG-pulse-sequence experiment 




Spin-spin relaxation times were measured using the CPMG-pulse-sequence 
technique. The spectral evolutions throughout the CPMG-pulse-sequence measurements 
are shown in Figure 3.14. It is evident that the broad features decay much faster than the 
sharp peaks, which means that T2 values of the protons in TPD moieties attached to the 
surface of nanoparticles are much smaller than those of free ligands.xvi The values of T2 at 
6.8 ppm and at 2.0 ppm extracted from these measurementsxvii are summarized in Table 
3.4 together with the values of the FWHM measured for the aromatic-proton bands 
Figure 3.11 and Figure 3.12).xviii According to equation (3.1), FWHM should be correlat d 
with the T2 values, if the broadening is solely due to homogenus broadening.  
 
 
                                                           
xvi T2 measured for the sharp peaks is about 2 seconds, which is typical for dilute solutions.  
xvii T2 relaxation time is defined as a time after which the signal decays to 1/e of its original intensity. 
xviii The positions, at which T2 relaxation times are reported, have been chosen to be close to the maxima 
and centers of the bands and at the same time not to overlap with the sharp peaks.  
 
Table 3.4. Summary of results of FWHM of the aromatic-proton band and of T2 relaxation times found 
from 1H NMR spectra of Ag NPs coated exclusively with TPD-thiols. 
 
Sample FWHM [ppm] 
T2 at 6.8 ppm 
[ms] 
T2 at 2.0 ppm 
[ms] 
AgTPDC3 1.31 14.4 35 
AgTPDC4 1.27 11.0 20.7 
AgTPDC8 0.98 17.2 25 




The values of FWHM of the aromatic band show a consistent trend with the 
length of the linker of the TPD ligand. The largest half-width is observed for AgTPDC3-I 
and then it systematically gets smaller for the chromophores with longer linkers. If the 
broadening is solely due to the decrease in T2, an opposite trend should be observed for 
the spin-spin relaxation values of the aromatic band. However, the smallest value for T2
at 6.8 ppm is measured for AgTPDC4 and for the ligands with longer linkers it gets 
systematically longer, which is in agreement with the corresponding FWHM values. This 
systematic behavior, for the C4, C8 and C12 alkyl linker systems, correlates well with the 
alkyl chain length and is consistent with the concept of larger free volume for the TPD 
being further away from a sphere. The larger free volume for the TPD end group means 
larger distance between the chromophores and slower T2 r laxation time. The AgTPDC3-
I system, however, does not fit to this trend, since both the FWHM and T2 are larger than 
for AgTPDC4-I, which clearly indicates that homogenous broadening is not the only 
mechanism contributing to the peak broadening. Significa t amount of broadening should 
also be due to inhomogenity of the chemical environme t. As mentioned above, different 
binding sites and proximity to the metal surface can lead to different chemical shifts, thus 
contributing to the broadening of the 1H NMR signals.1 The effects of the inhomogeneous 
broadening can be also seen in all systems, since the maxima of the broad aromatic bands 
are down field from the signals of the free TPD ligands. Moreover, the inhomogeneous 
broadening is significantly larger in C3 linker system than in C4 linker system as both 
FWHM and T2 are larger for the first one. 
A possible reason for smaller T2 values measured for sample AgTPDC3-I can be 
due to the significantly smaller average size of the nanoparticles, 3.5 nm for C3 vs. 5.2 
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nm for C4 system, which should result in a larger fr e volume for the TPD end groups. A 
smaller sphere has larger curvature than a bigger particle, which provides more free 
volume for the end group (Figure 3.1). This suggests that the degree of packingxix only 
partially contributes to the broadening of the aromatic band and that significant 
broadening is most likely due to environmental inhomogenity.35 Moreover, IR absorption 
data for the alkyl C-H stretching modes suggests that the degree of order is higher for the 
chromophores with longer alkyl linkers than in the chromophores with short chains, at 
least along the alkyl chains as discussed in section 3.4. The IR data is also supported by 
the fact that larger value of T2 at 2.0 ppm for the C3 system than for C4 and C8 is also 
consistent with more disorder in the alkyl linker.xx A lesser degree of order would also 
introduce more inhomogenity. It should be also pointed out that the AgTPDC3-I sample 
is the only sample with an odd number of carbon atoms in the ligand linker, which could 
induce different orientation of the chromophoric end groups with respect to each other 
and/or the silver core than in the case of even number of methylene groups, and this 
could affect the degree of packing.38 The effect of odd or even number of carbon atoms in 
the alkyl linker on the geometry of the end group is known as the odd-even effect 38 and 
is described in more detail in Chapter 5. 
In conclusion, the results of the measurements of T1 and T2 relaxation times are 
consistent with the notion of a densely packed layer of ligands attached to the AgNP and 
are consistent with the IR results on these systems. Spin-spin relaxation and 
inhomogeneous broadening seem to be the main source f s vere broadening of the 
                                                           
xix Lower degree of packing of ligands in the sample AgTPDC3-I is also supported by footprint calculations 
shown below in Table 3.5. 
xx Smaller degree of packing or longer T2 can also be a result of a larger distance between the alkyl chains if 
the limiting factors for packing are the bulky TPD end groups.  
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proton NMR lines. Moreover, T2 measurements provide very useful information about 
the degree of packing of the TPD end groups attached to the nanoparticles via thiolated 
alkyl chain. The values of T2, which are related to the degree of packing of the TPD 
ligands, are consistent with the concept of free volume as a function of distance from a 
spherical nanoparticle for the systems C4, C8 and C12. On the other hand, the lesser 
degree of packing of the monolayer in the C3 system can be assigned either to the smaller 
average size of the nanoparticles, a higher degree of disorder in the monolayer, or a 
particular geometry of the bulky TPD end groups. 
 
3.6. Determination of Surface Coverage of the TPD Ligands Adsorbed on the AgNP. 
The goals of this section are to determine the average number of TPD ligands per 
nanoparticle and the average footprintxxi of the TPD ligands on the nanoparticle surface, 
which characterize the coverage of the AgNP with the TPD ligands. The information 
about the coverage is crucial in the photophysical studies of the TPD / AgNP systems. 
The average number of TPD ligands per nanoparticle and the average footprint of the 
TPD ligands on the nanoparticle surface can be determin d if the number of TPD ligands 
and the surface area of the nanoparticles are known in the corresponding TPD / AgNP 
systems, which can be calculated from known molar concentrations of TPD and AgNP. 
One method of performing such analysis invokes Beer’s law, since both TPD and 
AgNP show strong absorption in the UV-visible range. In order to utilize this method the 
extinction coefficients and absorbance of the TPD ligands and the AgNP must be known. 
The extinction coefficient of TPD ligands can be readily determined from Beer’s law 
                                                           
xxi Footprint refers to an area per TPD ligand in system  of AgNP functionalized with TPD ligands only. 
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using unbound TPD ligands. The absorbance of TPD in the TPD / AgNP systems, on the 
other hand, is more difficult to measure, since there is a substantial overlap of the TPD 
absorption band with the plasmon absorption from AgNP, where the absorption 
originating from the TPD moiety is seen as a small peak or a shoulder, depending on the 
TPD / AgNP system, on the high-energy slope of the surface plasmon resonance band 
(Figure 3.4). Apart from this complication, the positi n of the surface plasmon resonance 
band depends substantially on the TPD-thiol coverage s well as on the length of the 
alkyl linker between the TPD end group and the nanop rticle surface. Additionally, there 
are reports indicating alteration of the extinction coefficient of dyes in the proximity of 
metal nanoparticles.39 The above obstacles do not allow for accurate determination of the 
TPD absorbance in the TPD / AgNP systems from their UV-vis absorption spectra. The 
absorbance of TPD in the studied systems was measured after eliminating the plasmon 
absorption by etching the AgNP with an oxidizing agent40. The absorbance of the AgNP, 
on the other hand, can be readily measured, since ther is no interference from the TPD 
absorption to the plasmon resonance absorption band at its maximum (Figure 3.4). 
Finally, in order to determine the extinction coefficient of the AgNP in the studied 
systems the formula weights of the nanoparticles and their concentrations need to be 
known. The formula weights are determined for the measured nanoparticle diameters and 
known density of metallic silver, whereas the concentrations are determined using 






3.6.1. Procedure of Etching of Silver Nanoparticles 
The plasmon absorption of AgNPs can be eliminated, as mentioned above, by 
etching silver metal electrochemically. However, the possible effects of the oxidizing 
agent used for this purpose on the TPD chromophores ne d to be addressed. Figure 3.15a 
shows effects of a strongly oxidizing agent, SbCl5, on a solution of TPD in 
dichloromethane (DCM). The radical monocation of TPD (TPD•+)41 is formed upon 
addition of a substoichiometric amount of SbCl5 (red line), followed by spectral changes 
that can be attributed to the formation of the TPD dication (TPD++) upon addition of an 
excess of the oxidizing agent41 (blue line). Interestingly, addition of a small amount of 
dodecanethiol (DDT) coated AgNP to the solution of TPD++ results in a complete 
disappearance of the silver nanoparticles with spectral changes that also suggest a 
reduction of the dication to the neutral form of TPD. Figure 3.15b shows TPD spectrum 
in DCM (black line) together with the spectrum of the same solution of TPD after adding 
the DDT coated AgNP and subsequent addition of SbCl5. There is no sign of TPD
•+ and 
the surface plasmon resonance band of AgNP clearly disappears leaving only the 






As can be seen from Figure 3.15b, the spectrum of the mixture of TPD, AgNP and SbCl5 
not only looks almost exactly like the spectrum of TPD, but also the value of absorbance 
is almost identical to the absorbance of the original TPD solution. This shows that SbCl5 
can be utilized as an agent for the oxidation of AgNP functionalized with TPD ligands in 






Figure 3.15. a) UV-Vis absorption spectra of TPD solution in DCM recorded after sequential addition 
of two volumes of SbCl5 and of a portion of AgNP. TPD in DCM – black line, TPD
•+ formed by 
oxidation of TPD with substoichiometric amount of SbCl5 – red line, TPD
++ formed after addition of 
excess of SbCl5 – blue line, TPD spectrum after addition of DDT coated AgNP to the solution of 
TPD++. b) UV-Vis absorption spectra of TPD in DCM – black line, and of the final product of the 
oxidation/reduction processes depicted in the next chapter. The absorbance was scaled to account for 




3.6.2. Determination of the Concentration of TPD Ligands in the NP Samples 
The concentration of TPD ligands was calculated from Beer’s law. Five different 
volumes of a stock solution of AgTPDCx-z (where x = 3, 4, 8, 12, z = I, II, III) were 
diluted with 3 mL of DCM in a 1 cm cuvette followed by addition of 10 µL of 10-3 M 
DCM solution of SbCl5 resulting in a colorless solution. In the column b) of Figure 3.16, 
Figure 3.17, Figure 3.18 and Figure 3.19 are shown spectra of TPD ligands after 
oxidation of the silver cores with the insets showing values of absorbance at 355 nm as a 
function of the volume of the stock solutions. The data points shown in the insets were 
fitted with a linear function (y = Ax). The molar concentrations CTPD of TPD in the stock 
solutions were calculated from modified Beer’s equation: 
     B() = #∙()∙,      3.2 
where A is a slope obtained from the fitting, V1 = 3000 µL, l = 1 cm and εTPD = 4.04 × 10
4 
M-1 cm-1. xxii The results are summarized in Table 3.5. 
 
                                                           





Figure 3.16. a) UV-vis absorption spectra of AgTPDC3-I – top graph, AgTPDC3-II – middle, 
AgTPDC3-III – bottom at varying concentrations obtained by dilution of different volumes of the stock 
solution in a mixture of toluene and DMF (5:1). The insets show the OD at λmax as a function of the 
volumes of the stock solutions used. Column b) shows spectra of these systems in DCM after the 









Figure 3.17. a) UV-vis absorption spectra of AgTPDC4-I – top graph, AgTPDC4-II – bottom at 
varying concentrations obtained by dilution of different volumes of the stock solution in a mixture of 
toluene and DMF (5:1). The insets show the OD at λmax as a function of the volumes of the stock 







Figure 3.18. a) UV-vis absorption spectra of AgTPDC8-I – top graph, AgTPDC8-II – middle, 
AgTPDC8-III – bottom at varying concentrations obtained by dilution of different volumes of the stock 
solution in a mixture of toluene and DMF (5:1). The insets show the OD at λmax as a function of the 
volumes of the stock solutions used. Column b) shows spectra of these systems in DCM after the 







Figure 3.19. a) UV-vis absorption spectra of AgTPDC12-I – top graph, AgTPDC12-II – middle, 
AgTPDC12-III – bottom at varying concentrations obtained by dilution of different volumes of the 
stock solution in a mixture of toluene and DMF (5:1). The insets show the OD at λmax as a function of 
the volumes of the stock solutions used. Column b) shows spectra of these systems in DCM after the 








Figure 3.20. Concentration of silver atoms measured by ICP-ES as a function of volume of the stock 
solutions of the samples of a) AgTPDC3-I – top graph, AgTPDC3-II – middle, AgTPDC3-III – bottom 
and b) AgTPDC4-I – top, AgTPDC4-II – bottom. Each sample was reacted with 0.5 mL of HNO3 and 






Figure 3.21. Concentration of silver atoms measured by ICP-ES as a function of volume of the stock 
solutions of the samples of a) AgTPDC8-I – top graph, AgTPDC8-II – middle, AgTPDC8-III – bottom 
and b) AgTPDC12-I – top, AgTPDC12-II – middle and AgTPDC12-III – bottom. Each sample was 




3.6.3. Determination of Extinction Coefficient of the Silver Nanoparticles 
The molar concentration of the silver nanoparticles can be calculated from the 
concentration of silver in the stock solutions, expr ssed in g / L, the size of the 
nanoparticles measured from TEM images, and a known density of bulk silver. The 
concentration, in g / L, of silver in the stock solutions of the TPD / AgNP systems were 
measured with inductively coupled plasma emission spectroscopy (ICP-ES). In order to 
obtain statistically reliable data the concentrations were measured at 5 different 
dilutionsxxiii  for each of the TPD / AgNP systems. The measured values of concentration 
of silver are plotted as a function of the stock soluti n volumes used (Figure 3.20 and 
Figure 3.21). The data were than fitted with a linear function and the slope was used to 
calculate the concentrations of silver in the corresponding stock solutions – C. Assuming 
a perfectly spherical shape of the nanoparticles, the molar concentration – CAgNP was 
calculated according to the equation (3.3) from the concentration C and average formula 
weight – FW, which was obtained from the TEM analysis, using equation (3.4).  
     B#$"( = BGH      (3.3) 




M       (3.4) 
where: C is the concentration of silver in g / L, r is the measured from TEM images 
radius of the nanoparticles, d = 10.5 g / cm3 represents the density of bulk silver,42, 43 and 
NA is Avogadro is number. The averaging of the FW is obtained by summing the 
calculated weight of n nanoparticles (where n > 500) and dividing by n according to 
                                                           
xxiii The solutions for ICP-ES were prepared oxidizing small volumes, 20 – 160 µL, (Figure 3.20 and Figure 
3.21) of the stock solutions of nanoparticles with 0.5 mL HNO3 followed by dilution with 10 mL of 
distilled water.  
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equation (3.4). This type of summation in averaging accounts more appropriately for the 
particle size distribution than calculation the FW based on average radius of the 
nanoparticles. The calculated molar concentration of AgNP in each studied systems is 
used to determine the extinction coefficient of the AgNP from the Beer’s law;  
     #NO = #$"(
B#$"(∙,

∙ %    (3.5) 
where: εAgNP is the extinction coefficient of silver nanoparticles at the maximum of the 
surface plasmon resonance band (λmax), CAgNP is the concentration of AgNP, l is the path 
length (1 cm), V0 is the volume of the stock solution, V1 = 3 mL and Abs is the 
absorbance at λmax whose values measured for 5 different stock solution v lumes, V0, are 
plotted in Figure 3.16, Figure 3.17, Figure 3.18 and Figure 3.19. The plotted data points 
were fitted with a linear function (y = Ax). Using the slope of the fitting function A;
      # = #$"( B%∙,     (3.6) 
the extinction coefficients were calculated from the equation (3.7). 





The values of εAgNP for the studied nanoparticles are summarized in Figure 3.22 where 
they are plotted as a function of the average diameter of AgNP. According to Mie theory 
the relationship between the extinction coefficient a d particle size can be described by44: 
P34Q7 ~ RS, where R is the radius of the particle. Red line i F gure 3.22 is a fit of the 
experimentally measured values of the molar extinctio  coefficient with a function y = 
ax3. Observed dependence of the extinction coefficient of silver nanoparticles on their 






Figure 3.22. Values of the extinction coefficient of silver nanoparticles at the maximum of the surface 
plasmon resonance in the investigated samples as a function of nanoparticles (black spheres). The red 
line represents a fit of the data with a function y = ax3.  
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3.6.4. Determination of Average Area of The TPD ligand per AgNP 
The average number of TPD ligands per AgNP, AreaTPD, was found by 
calculating the total surface area of all the measured nanoparticles in TEM analysis, 
divided by the number of TPD ligands corresponding to the number of measured 
nanoparticles, according to the equation (3.8).  
    #KT() = ∑ IJK
M
M"       (3.8) 
where n is the number of nanoparticles the size of which was measured, r i is the radius of 
the i-th particle, and N is the average number of TPD ligands per AgNP, which was 
determined from the ratios of average molar concentrations of TPD and AgNP. This 
calculation accounts for statistical distribution of the nanoparticle sizes, thus reducing 
error associated with nanoparticle size dispersion, but does not take into account possible 
footprint changes of the adsorbed ligands due to different curvatures of the nanoparticles. 
The errors were propagated to throughout all calcultions. The errors associated with the 
measurements of nanoparticle sizes were determined by measuring 5 particles 20 times. 




Table 3.5. Summary of the measurements results used for the evaluation of the average number of TPD ligands per AgNP in the systems shown in the first 
column from the left. Subsequent columns show: averag  diameter, average formula weight of AgNP cores, concentration of silver atoms in the stock 
solutions, molar concentration of AgNP, extinction coefficient of AgNP, molar concentration of TPD ligands in stock solutions, ratio of TPD ligands per 




Avg. FW of 
AgNP  
[g / mole] 
Conc. of Ag 
is stock 
solutions 
[mg / L]  
Avg. molar 
concentration 







of TPD [M] 




per TPD [Å2] 








 250 ± 6 17.9 ± 0.4 
AgTPDC3-II 5.2 ± 1.4 5.6×105 629.5 1.1×10-6 6.2×107 5.6×10-4 498 ± 13 18.5 ± 0.5 
AgTPDC3-III 5.4 ± 1.3 6.1×105 545.2 0.9×10-6 6.6×107 3.6×10-4 403 ± 11 24.0 ± 0.7 








 704 ± 18 13.3 ± 0.3 
AgTPDC4-II 4.6 ± 1.4 4.1×105 643.5 1.6×10-6 4.4×107 5.2×10-4 330 ± 10 22.2 ± 0.7 








 443 ± 11 14.2 ± 0.4 
AgTPDC8-II 4.2 ± 1.6 3.7×105 522.1 1.4×10-6 4.2×107 5.3×10-4 368 ± 10 17.4 ± 0.5 
AgTPDC8-III 4.8 ± 1.5 4.6×105 510.1 1.1×10-6 5.2×107 2.4×10-4 220 ± 6 36.2 ± 1.0 








 417 ± 11 14.1 ± 0.4 
AgTPDC12-II 4.6 ± 1.4 4.3×105 588.7 1.4×10-6 4.7×107 4.3×10-4 308 ± 9 24.1 ± 0.7 




The values of molecular footprintxxiv for the different TPD-thiols are slightly smaller than, 
and in the case of TPDC3SH almost the same as, the footprint of alkylthiol molecules 
adsorbed on flat silver surface in densely packed monolayers. There the value of the 
footprint has been reported to be ca. 18 Å2.45 The smaller values of the footprint in the 
case of TPD-thiol coated AgNP can be explained by the fact that curved surfaces (which 
is the case for the small particles studied herein) provide more free volume than flat 
surfaces, allowing for higher density of the ligands in the monolayers.15 
The slightly larger footprint calculated for AgTPDC3-I despite the smaller 
average size of the AgNP cores is consistent with a lower degree of order or 
conformational difference from the other samples, a suggested by FT-IR results. 
AgTPDC3-I is the only sample with TPD ligands having an odd number of carbon linkers, 
which could introduce an energetically favorable orientation of the chromophores with 
respect to the nanoparticle surface that is different from the orientation assumed in the 
case of even numbers of carbon atoms. The different orientation could hinder the degree 
of packing, leading to larger areas occupied by ligand on the surface of AgNP. Both the 
degree of order and the different orientation of the chromophores with respect to the 
metal surface could lead to the same effects and canot be distinguished at this point. 
 
3.6.5. Thermogravimetric Analysis 
Thermogravimetric analysis (TGA) is often used in determining the amount of 
organics in hybrid materials containing organic and i organic components.11, 46, 47 The 
                                                           
xxiv In case of AgNP functionalized with TPD ligands only the average area occupied by one TPD ligand 
defines the TPD ligand footprint. 
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studied AgTPDCx-I systems (x = 3, 4, 8 and 12) are composed of a silver core and 
organic TPD ligands. Samples with mixed ligands are not considered in this analysis. 
Before the TGA measurements the samples were washed at l ast 3 times with hexane and 
dried in vacuum over at room temperature for 2 days. About 5 mg of each sample was 
used for the measurements. The mass loss was determined based on mass difference of 
each sample at room temperature and 900 °C, after which point no significant loss is 
observed as shown in Figure 3.23. 
 
 
The TGA results are presented in Table 3.6, as a percentage of the mass loss, together 
with the percentage of the organic fraction in the AgTPDCx-I systems determined from 
the data presented in Table 3.5.  
 
 
Figure 3.23. Thermogravimetric scans for samples AgTPDCx-I, where x = 3, 4, 8 and 12. The 




The fractions obtained by TGA are consistently lower than the results obtained 
from the other method, by about 10% for samples TPDC3-I and AgTPDC4-I, and by 
about 6% for samples AgTPDC8-I and AgTPDC12-I. One of the possibilities for this 
discrepancy can be due to partial oxidation of silver during TGA measurement, since the 
atmosphere was airxxv. Assuming the same conditions for oxidation in all samples, it 
should have smaller effect on samples with larger loss as there is smaller weight 
contribution from silver. This is indeed the case. Overall, the values of the organic 
fractions obtained with these two methods are in a good agreement with each other.  
 
 
                                                           
xxv TGA measurements were initially performed in nitrogen atmosphere but no complete decomposition of 
the organics could be observed up to 1100°C. This was evident by lack of a plateau at the end of the scans. 
 
Table 3.6. Fraction of the organic component in the samples AgTPDCx-I, where x = 3, 4, 8 and 12, 
expressed in percentages. The results obtained from thermogravimetric analysis are compared with the 
analysis based on optical absorption and ICP-ES. 
 
Sample 
% of organics 
from TGA 
% of organics 
from results in 
Table 3.5 
AgTPDC3-I 38 42 
AgTPDC4-I 38 42 
AgTPDC8-I 45 48 





The results of the TEM measurements show that the silv r nanoparticles coated 
with different TPD-thiol and dodecanethiol ligands are spherical or close to spherical 
with their diameters ranging from 3.5 – 5.4 nm. The TEM-based interparticle spacing 
indicates that the short-linker TPD-thiols tend to form denser shells around the Ag core, 
which does not allow for substantial interdigitation f the ligands. A larger degree of 
interdigitation can be observed for AgTPDC8-I and the largest for AgTPDC12-I.   
The presence of the TPD containing organic shells around silver nanoparticles is 
also confirmed by UV-Vis, FT-IR and 1H NMR spectroscopies. UV-Vis absorption 
spectra show a clear dependence of the position of the surface plasmon resonance band 
on the length of the alkyl linker between the TPD end group and the nanoparticle surface, 
indicating a close proximity of the polarizable chromophores to the nanoparticle surface, 
which is in agreement with Mie theory. FT-IR spectra of the AgNP confirm the presence 
of TPD moieties and allow for determination of the conformation of alkyl chains. The 
positions of the methylene C-H stretching modes indicate predominantly fully extended 
C8 and C12 linkers, with C3 and C4 linkers showing gauche defects. 1H NMR 
spectroscopy provides insights into the density of the TPD end groups in the AgNP 
systems. T2 relaxation time values indicate an increase in the density of packing for the 
systems with an even number of methylene groups in the alkyl linkers with a decrease in 
its length. This trend is consistent with the concept of the decrease in the free volume 
when approaching the surface of a sphere, which is also consistent with the fact that the 
average areas per TPD ligand at the surface of AgNP in the systems of even number of 
carbons in the linker are very similar to each other, ~14 Å2. The system with the shortest 
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linker has a value of T2 larger than for the C4 linker system, indicating lower density of 
packing both in the chromophoric end groups and the aliphatic linker. It is also consistent 
with average area per TPD ligand at the nanoparticle surface (17.9 Å2), despite the small 
size of the silver cores. Odd number of carbon atoms in the alkyl linker can introduce 
different orientation of the end groups of the ligands, from that for even number of 
carbon atoms, affecting the way the ligands pack on the surface. Alternatively, disorder in 
the linker conformations can also lead to similar observations. Thus, both the degree of 
order and the different orientation of the chromophores with respect to each other or the 
metal surface could lead to the same effects and canot be at this point distinguished. 
Oxidation of the silver cores of the particles was used for the determination of the 
concentration of TPD ligands and ICP-ES and TEM analysis allowed for the 
determination of the concentration and molar extinctio  coefficients of silver 
nanoparticles. The molar concentrations of TPD ligands and AgNP were then used for the 
determination of the average surface area per TPD ligand. Moreover, TGA results are in 
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4.1. Introduction  
Optical and electronic properties of N,N’-diphenyl-bis(3-methylphenyl)-biphenyl-
4,4’-diamine (TPD) are of great interest in the field of organic electronics due to the 
molecule’s exceptional hole transporting ability in bulk.1-3 In particular, TPD thin films 
are widely used as hole transport layers in organic light emitting diodes (OLEDs) 1, 3-5. 
TPD has also been demonstrated to posses interesting nonlinear optical characteristics6, 7 
and to be an active laser material, both in solution as well as in the solid state.6, 8  It has 
also been used as a host for phosphorescent molecules for OLED applications 9; in this case 
Förster energy transfer10 as well as Dexter energy transfer 11 from photoexcited TPD to 
the phosphors, e.g., Ir(ppy)3 or PtOEP, were observed.
9, 12 Due to the particular interest in 
the charge separation and mobility in systems incorporating TPD for their potential use in 
organic electronics applications, spectroscopic studies of TPD in the solid state are 
usually performed under electronic bias.13 In these studies, the authors demonstrated that 
fluorescence efficiencies of TPD in neat films were lower than fluorescence efficiencies 
of TPD in polymer matrices. It was suggested that tis effect was caused by an electron 
transfer process from a photoinduced TPD molecule to a neighboring ground-state TPD 
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molecule followed by nonradiative charge recombination. This suggested electron 
transfer should be greatly dependent on distance between the chromophores and should 
be observed only at high chromophore concentration e.g. in neat films of TPD.  
The main focus of this dissertation is to understand the photophysics of TPD 
ligands adsorbed on silver nanoparticles (AgNP). In order to be able to investigate these 
systems, the photophysical behavior of the organic chromophores themselves must be 
understood. TPD chromophores form an organic shell around the metallic core of each 
nanoparticle and, depending on their density of packing, they could exhibit either 
solution-like behavior (when they are loosely packed) or solid-like behavior (when the 
ligands are densely packed). Thus both solution- and solid-like characteristics of TPD-
based chromophores may be relevant for the behavior of the coupled nanoparticle-TPD 
systems. An indication of the solid-like characteristics of the organic ligands attached to 
AgNPs was presented in Chapter 3 where, while 1H NMR T1 relaxation times were 
almost unchanged from those of free ligands, the values of T2 were strongly affected by 
the close proximity of neighboring TPD molecules, in effect exhibiting solid-like 
behavior.  
 
4.2. Photophysics of TPD-based Compounds in Solution and in Solid Films 
The lowest optically allowed electronic transition f TPDC12SH is characterized 
by an absorption band with a maximum at 355 nm (Figure 4.1). The molar extinction 
coefficients of the TPD ligands TPDC12SH has been masured for solutions in toluene, 
DCM, xxvi  and in a toluene / DMF (5:1) mixture. The measured molar extinction 
                                                           
xxvi Extinction coefficient in DCM is used in Chapter 3 for the calculations of TPD concentration.   
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coefficient are very similar in all tested solvents and the value of ε(355 nm) = 4.04×104 
M-1 cm-1 (± 2%) was determined for the toluene / DMF (5:1) solution . The mixture of 
toluene and DMF was chosen due to excellent stability of AgNP in that solution.xxvii The 
fluorescence spectrum of TPDC12SH in toluene / DMF (5:1) solution exhibits a 
maximum at ca. 400 nm and a shoulder at ca. 420 nm. The fluorescence quantum yield 
was measured using p-bis-o-methyl-styrylbenzene (BMSB) in cyclohexane as a standard 
and was determined to be 0.78 ± 0.04 in toluene and 0.82 ± 0.06 in toluene / DMF (5:1) 
solution.  
Fluorescence lifetimes of deoxygenated TPDC12SH solutions were measured 
using the time correlated single photon counting technique (TCSPC). The samples were 
excited at 365 nm and the fluorescence decays were coll cted at 420 nm. These are 
shown in Figure 4.2. Each fluorescence decay kinetic was fitted with a single-exponential 
decay function. The time components obtained from the fitting routine are: 1.06 ns ± 0.01 
ns for TPDC12SH in toluene and 1.60 ns ± 0.01 ns for TPDC12SH in toluene / DMF 
(5:1). The lifetime of TPDC12SH solution in toluene is similar to the lifetime measured 
for TPDC12 model compound in toluene which was repoted to be 1.07 ns.14  
                                                           
xxvii The cause of instability of the nanoparticles is not known but it results in staining of the cuvette walls 
and a decrease in the absorbance originating from the metallic cores of AgNP. Addition of DMF to toluene 
results in a stable absorption spectrum over time and no staining of the cuvette. Details are described in 




Radiative (kr) and nonradiative (knr) decay rates can be calculated according to: 
     UV = KKMK      (4.1) 
     K + MK = /X      (4.2) 
where QY is fluorescence quantum yield and τ is the measured lifetime. The calculated 
rates for the toluene solution are: kr = 7.6×10
8 s-1 and knr = 1.8×10
8 s-1. The corresponding 
values for the toluene / DMF (5:1) solution were found to be: kr = 5.1×10
8 s-1 and knr = 
1.1×108 s-1.  
 
 
Figure 4.1. UV-vis absorption (black line) and fluorescence (rd line) spectra of TPDC12SH in toluene 
/ DMF (5:1). The spectra were normalized at the maxi um peak intensity. The extinction coefficient at 
the maximum of absorption is ε(λmax) = 4.04×10







Figure 4.2. Fluorescence decays of deoxygenated solutions of TPDC12SH in toluene (top) and in 5:1 
toluene / DMF (5:1) (bottom) measured with TCSPC technique. The samples were excited at 365 nm 
and the fluorescence signal was collected at 420 nm. I strument response function (IRF, FWHM ca. 80 
ps) is represented by black dots and the collected signals are represented by red circles. The 
fluorescence decay kinetics were fitted with single exponential decay functions, which are shown as the 
green lines. The lifetimes were found to be 1.06 ns for the sample in toluene and 1.60 ns for the sample 




The fluorescence spectra of the TPDC12 model compound in solid films are 
shown in Figure 4.3. The spectrum of the neat film exhibits two vibronic bands at 410 nm 
and 425 nm. These two features are not clearly seenfor the spectrum of the TPDC12 in 
polystyrene film at low concentration (0.67%) but they appear in the fluorescence 
spectrum of the TPDC12 in polystyrene film at 3.4% concentration. Overall, the 
fluorescence spectra progressively red-shift with higher concentration of TPDC12. 
Furthermore, the fluorescence spectra in solid films are in general broader than the 
spectrum of the TPD moiety in solution and the vibronic structure is not as well defined. 
  
 
Figure 4.3. Fluorescence spectra of TPDC12 model compound in a neat film (black line), 0.67% wt. 
(red line) and 3.4% wt. (blue line) of TPDC12 model compound in polystyrene film and a solution of 
TPDC3SH in 5:1 mixture of toluene and DMF (doted black line). The spectra were normalized at the 
maximum peak intensity. Fluorescence spectra of the ilms were collected in front face geometry. 
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Fluorescence decay measurements were performed on a neat film of TPDC12. 
The kinetic was fitted with a triexponential decay function yielding three lifetimes: 0.030 
ns, 0.280 ns ± 0.07 ns and 0.900 ns ± 0.03 ns. The first component carries with it a large 
error that could be partly attributed to the presence of amplified spontaneous emission, 
which was reported for neat films of TPD to be at around 420 nm.6 With respect to the 
remaining two decay components, the neat film may experience self-quenching effects 
that could contribute to a distribution of lifetimes rather than a discrete component.15 This 
distribution could be due to inhomogenities in the film, which result in different domain 





Figure 4.4. Fluorescence decay of neat film of TPDC12 measured with TCSPC technique. The samples 
were excited with 365 nm and the fluorescence signal was collected at 420 nm.  IRF is represented by 
black circles and the collected fluorescence signal is represented by red circles. The decay was fitted 




Nanosecond transient absorption (TA) spectroscopy was employed in order to 
measure the spectrum of the excited triplet state of TPD in toluene and in DMF. The 
measurements were performed on TPD and not on the TPDC12 model compound. 
However, due to the structural similarity of the two molecules and their comparable 
linear optical properties, their triplet spectra are expected to be similar as well. The data 
were provided by Mr. Matteo Cozzuol and Mr. William R. D. Boyd III.  
Figure 4.5 shows nanosecond TA spectra collected for e xygenated solutions of 
TPD. The spectra with maxima at ca. 620 nm were assigned to absorption of the TPD 
triplet state; the spectra were absent in air-saturated solutions. A decay kinetic obtained 
for the two different samples was fitted with a monoexponential decay function yielding 
10 µs and 135 µs for the toluene and DMF solutions, respectively. The spectral profile of 
absorption of TPDC12 triplet state in the near IR has been reported by Dr. Michal 
Malicki.14 The spectrum shows a broad feature with steadily decreasing intensity from 
the maximum value at 1000 nm down to a fifth of themaximum value at 1600 nm. The 
NIR decay kinetics were also found to be very similar to those observed in the visible 
portion of the spectrum. Ultrafast excited-state dynamics of TPD in both solution- and 







Figure 4.5. Nanosecond TA spectra recorded at several delay times (scale on the left) of TPD solutions 
a) in toluene and b) in DMF. Concentration of soluti ns was chosen such that the resulting OD at the 
excitation wavelength (355 nm) was around 0.1 in 1 cm cuvette. Absorption spectra of the samples are 
represented by the blue lines (scale on the right). Values provided in the figures are lifetimes obtained 
by fitting decay traces with a monoexponential decay function. Spectra provided by Mr. M. Cozzuol. 
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4.3. Characterization of Oxidized TPD and TPDC12 Species in Solution 
Photo-generation of radical cations in TPD neat films is well known to occur 
under applied voltage.1 There are also reports implying that fluorescence qu nching of 
the TPD in such films, without applied voltage, which can be also due to photoinduced 
charge separation, leading to excited state deactivation.15 Such a possibility needs to be 
considered in the transient absorption studies addressed in the next section of this chapter, 
thus UV-Vis-NIR absorption studies of chemically generated radical cations of TPDC12 





Figure 4.6. UV-Vis-NIR absorption spectra of TPDC12 in DCM recorded before and after successive 
additions of 0.05 M DCM solution of SbCl5. Arrows indicate direction of change of the peak intensities 
during the addition of the oxidizing agent.   
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Figure 4.6 shows UV-Vis absorption spectra of TPDC12 in DCM after reaction 
with different amounts of SbCl5. It can be seen that a reaction takes place after the 
addition of the initial aliquots of the SbCl5 solution generating a new species with 
absorption bands at 480 nm, 690 nm and a broad bandat 1470 nm. According to a 
literature report by Low et al. these absorption bands are characteristic of TPDC12 
monocation (TPDC12•+).16 Further addition of SbCl5 results in a decrease of the intensity 
of the absorption bands originating from TPDC12•+ and a growth of a band around 830 
nm. This band is assigned to a TPDC12 dication (TPDC12++).16 Molar extinction 
coefficients of TPDC12 mono- and dication were estima ed from the titration experiment 
described above, by referencing them against the known extinction coefficient of the 
TPDC12 absorption band at 355 nm. The estimated values of molar extinction 
coefficients of the following bands at the maximum of absorption in M-1 cm-1 are: 
εTPDC12(355 nm) = 4.0×10
4 M-1 cm-1, εTPDC12•+(480 nm) = 3.0×10
4 M-1 cm-1, ε 
TPDC12•+(1470 nm) = 3.8×10
4 M-1 cm-1, εTPDC12++(830 nm) = 1.1×10




Figure 4.7 shows UV-Vis-NIR absorption spectra of TPDC12 and TPD as well as 
spectra of the corresponding oxidized species in DCM. As expected, the spectra of TPD 
and TPDC12 are very similar. However, there are some differences in the positions of the 
bands of the corresponding oxidized forms of the two dyes. The only difference in the 
molecular structure of TPD and TPDC12 is the presence of the alkoxy group in TPDC12. 
Apparently the weak π-donor red-shifts the low energy bands in the mono- and dication 
of the TPD moiety. Moreover, only TPDC12•+ shows a weak band at around 690 nm, 




Figure 4.7. UV-Vis-NIR absorption spectra of DCM solutions of TPDC12, TPDC12•+ and TPDC12++ 
in comparison with spectra of TPD, TPD•+ and TPD++. The spectra of the molecules in their neutral 
form were normalized at the maximum of absorption; the same normalization factors were applied to 
the spectra of the corresponding mono- and dications.  
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4.4. Femtosecond Transient Absorption 
 The ultrafast dynamics of TPDC12SH in solution andof TPDC12 in polystyrene 
films and in a neat film have been studied using fs TA. The concentration of the studied 
solution of TPDC12SH was about 0.1 M in toluene / DMF (5:1). The polystyrene films 
were cast onto microscope slide substrates from toluene solutions yielding films with 
concentrations of TPDC12 of 0.67% and 3.4% by weight. T e neat film of TPDC12 was 
prepared by casting from a toluene solution.  
Figure 4.8 shows transient absorption spectra at a few delay times between the 
pump (excitation at 350 nm) and the broadband probe in the visible and NIR spectral 
regions measured for TPDC12 and TPDC12SH. The evolution of the spectra of 
TPDC12SH in toluene / DMF (5:1) solution in the visible region shows clear variation of 
the spectral profile within the first 30 ps (Figure 4.8). These fast changes in the spectral 
shape are most likely related to the relaxation of the excited-state geometry in response to 
the solvated molecules.5, 18 The spectrum collected after a delay of ca. 3 ns (limitation of 
the instrumental setup) is dominated by a band that s ows a maximum at ca. 620 nm. 
This long-lived signal most likely originates from the absorption of the excited triplet 
state of the TPD moiety as its spectral shape is similar to the excited triplet state of TPD 
found via ns-pulsed TA presented in Figure 4.5. In the NIR, the spectra decay without 
major variations in shape, essentially changing from profiles with modest peak 






Figure 4.8. Evolution of transient absorption spectra in the visible (left) and the NIR (right) regions 
measured for: a) ca. 0.1 M TPDC12SH in toluene / DMF (5:1), b) TPDC12 in polystyrene matrix, and 







In the visible region, fs TA spectra of TPDC12 in the polystyrene matrix (Figure 
4.8b) show minimal changes in shape after the photoexcitation, in contrast to the spectra 
recorded for the solution of TPDC12SH in toluene / DMF (5:1). This is likely due to 
restricted geometry relaxation of the photoexcited solvated molecule in the viscous 
polystyrene matrix.19 The neat film of TPDC12 behaves quite differently from the other 
two samples (Figure 4.8c), i.e. the spectra decay substantially faster than in the 
previously described systems. Furthermore, in the NIR, the transient spectrum shows 
negligible spectral amplitude at 1050 nm while exhibiting significant amplitude at 1500 
nm ca. 70 ps after the excitation pulse. This is in co trast to the solution and low-
concentration film NIR transient spectra that show appreciable amplitude in both spectral 
regions at longer delays (>70 ps). This suggests that after photoexcitation of the neat film 
the initially excited state of the TPD moiety decays rapidly leading to the formation of a 
new species which absorbs at 1500 nm. This supposition is at least consistent with the 
spectral evolution of the visible TA spectra, where th  gradual blue shift of the 525 nm 
band towards 480 nm is accompanied by the faster decay of the band at 600 nm. There 
are reports in the literature suggesting that charge separation takes place in neat TPD 
films upon excitation of TPD to its first excited state, even without external bias.15 
However, direct evidence has not been provided previously. The possibility of charge 





Figure 4.9. Normalized decay traces at 525 nm, 600 nm, 1050 nm a d 1500 nm of a) TPDC12SH in 






The temporal evolution of the above transient absorption spectra can be perhaps 
better visualized in the kinetic traces at selected wavelengths, which are shown in Figure 
4.9. The decays are very similar at 525 nm, 1050 nm, and 1500 nm for kinetics of the 
TPDC12SH toluene / DMF (5:1) solution. However, the TA trace at 600 nm, the 
wavelength at which there is significant contribution from the excited triplet state, shows 
a slower rate of decay than the rates recorded at the other three wavelengths. The rates of 
decay of the TA traces measured for TPDC12 in polystyrene matrix (3.4 %) (Figure 4.9b) 
are faster than for the dynamics described above for the TPD12SH solution but still 
remain similar across all probe wavelengths. Figure 4.9c shows decay kinetics at a few 
wavelengths measured for the neat film. In this case the decays are faster than those 
measured for both TPDC12SH in solution and for TPDC12 in the polystyrene matrix. 
This is likely a consequence of the formation of the new species mentioned above. There 
are a few interesting observations involving the decays presented in Figure 9c. First, the 
trace at 600 nm shows the fastest decay suggesting a small contribution from absorption 
of the new species at this wavelength, effectively indicating that the trace is dominated by 
relaxation of the initially excited state. Secondly, the trace at 1500 nm shows a fast decay 
component as well as a substantial contribution from a much slower decay component. 
This indicates that the absorption of the new species is the strongest at 1500 nm and the 







4.4.1. Global Fitting Analysis – Liquid Solution 
Global fitting analysis of the TA decay traces was performed in order to extract 
components contributing to the transient absorption spectra and to better understand the 
dynamics of the studied systems. The decays at multiple wavelengths were fitted with a 
sum of three exponentials, where t0, τ1, τ2 and τ3 are all global fitting parameters and t is 
the time variable.  
  ∆Z) = #% + #%/X + #%/X + #%/X      (4.3) 
The floating parameters that were not globally assigned were the pre-exponential 
amplitudes: A1, A2, A3 and the offset parameter A0. t0 is a time offset which was fixed at 
the position of the maximum of the decay curves. A0 can be interpreted as the amplitude 
of the exponential lifetime which is infinitely long. Considering the maximum pump-
probe delay of the fs TA setup (3 ns), any decay component with a lifetime longer than ca. 




Figure 4.10 shows decay curves obtained from TA measur ments of the 2.5 × 10-6 
M solution of TPDC12SH in toluene / DMF (5:1) at multiple probe wavelengths. The 
decays were fitted with the tri-exponential function and the fittings are shown as red, 
solid lines that overlap the data points, represented by empty circles. The values of pre-
exponential amplitudes (A1, A2, A3) and the offset parameter A0 were plotted as a function 
of probe wavelength in Figure 4.11.  
 
Figure 4.10. Transient absorption decays of TPDC12SH in toluene / DMF (5:1) solution at selected 




The results of the global fitting represented by the spectral distribution of the pre-
exponential amplitudes show rather complicated dynamics of the molecules after 
excitation. The first two fast components, τ1 = 8 ps and τ2 = 92 ps, are most likely due to a 
geometry relaxation of the TPD moiety7, 19, 20 and a conformational relaxation18. The 
component with the lifetime of τ3 = 1450 ps has the largest pre-exponential amplitudes. 
The decay rate of this component agrees reasonably well with the excited-state lifetime of 
the dye measured with TCSPC (ca. 1.60 ns). The agreement between the fluorescence-
based excited-state lifetime and the long-lived decay component resulting from fitting the 
fs TA data suggests that the spectral profiles found for the long lived component, with 
lifetime τ3, represents the absorption from the relaxed geometry of the first excited singlet 
state of TPDC12SH. The longest component, representd by A0 values, shows a spectral 
profile in UV-vis that is consistent with the excited triplet state of TPD (Figure 4.5). 
 
 
Figure 4.11. Spectral distributions of pre-exponential amplitudes (A1, A2, A3 with corresponding 
lifetimes τ1 = 8.0 ± 0.2 ps, τ2 = 92 ± 2 ps and τ3 = 1450 ± 11 ps) and the offset parameter A0 obtained 









Figure 4.13. Spectral distribution, in the visible (left) and NIR (right), of pre-exponential amplitudes 
(A1, A2, A3 with corresponding lifetimes τ1 = 1.6 ± 0.04 ps, τ2 = 32 ± 0.5 ps and τ3 = 375 ± 5 ps) and the 
offset parameter, A0, obtained from fitting the TA data acquired for TPDC12 in a PS matrix (3.4 % of 
TPDC12 by weight) with a sum of three exponential functions.  
 
Figure 4.12. Transient decays of TPDC12 in a polystyrene film at different wavelengths. The 
concentration of TPDC12 in PS was 3.4 % by weight. All fitting curves are presented as red lines. 
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Global fitting analysis of the data acquired for the films was performed in the 
same way as for the solution data. Figure 4.12 show transient absorption decay traces at 
multiple wavelengths measured for 3.4% TPDC12 in polystyrene (PS) matrix. Figure 
4.13 shows the values of the pre-exponential amplitudes in two spectral regions: in the 
visible (left) and in the NIR (right) as well as the lifetimes obtained from the fitting (τ1 = 
1.6 ± 0.04 ps, τ2 = 32 ± 0.5 ps and τ3 = 375 ± 5 ps). Contrary to the toluene / DMF (5:1) 
solution, the three fastest components seen in TPDC12 in the PS matrix show spectral 
profiles that are rather similar to each other. Moreover, these spectral profiles are similar 
in shape to the profile of the A3 component found for the toluene / DMF (5:1) solution, 
which was associated with absorption from the lowest excited singlet state of the TPD 
moiety and has a lifetime of 1450 ps. In fact, one might expect the spectral evolution to 
be simpler for the TPD in a solid matrix compared to liquid solution due to the lack of 
excited state geometry relaxation while the temporal evolution might be more complex, 
due to a higher concentration of chromophores.17 The different distribution of lifetimes 
with similar spectral pre-exponential amplitudes may be due to interactions between 
chromophore molecules in the film in which the conce tration distribution of TPDC12 
might be inhomogeneous. Moreover, the overall faster d cay of the TPD transient 
absorption signal compared to the liquid solution suggests that this intermolecular 
interaction may lead to some non-radiative deactivation mechanism15. It should also be 
noted that the spectral profile of the A0 component in visible region coincides with the 
position of the triplet absorption measured for TPDC12SH in both toluene and in DMF 









Figure 4.14. Transient decays of the neat film of TPDC12 at multiple wavelengths a) in the visible 






 Figure 4.14 shows transient absorption decays at multiple wavelengths of a neat 
film of TPDC12 and Figure 4.15 shows spectral distribu ions of pre-exponential 
amplitudes obtained from fitting the TA data. The lif times found from the fitting are: τ1
= 1.1 ± 0.02 ps, τ2 = 24 ± 0.1 ps and τ3 = 407 ± 14 ps. The lifetimes found for the 
TPDC12 neat film are shorter than the lifetimes found from fitting of TA data acquired 
for TPDC12SH in toluene / DMF (5:1). The spectral profiles of the pre-exponential 
amplitudes A1 and A2 are reminiscent of the first singlet excited state absorption spectrum 
of the TPD compounds in solution and in the polystyrene film. The amplitudes with 
slower time components (A3, A0) have significantly different profiles than A1 and A2 and 
also possess markedly different profiles than the A3 and A0 components in solution and in 
the polystyrene matrix. 
 
 
Figure 4.15. Spectral distribution in the visible (left) and in the NIR (right) of pre-exponential 
amplitudes (A1, A2, A3 with corresponding lifetimes: τ1 = 1.1 ± 0.02 ps, τ2 = 25 ± 0.1 ps and τ3 = 407 ± 
14 ps) and the offset parameter A0 obtained from fitting of the TA traces measured for a photoexcited 




Spectral distributions of the pre-exponential amplitudes in the NIR are different 
from the previously discussed samples of TPD-based compounds in solution and in the 
polystyrene film. The fast component A1 (black line in Figure 4.15) is clearly different 
from the initial transient absorption spectra (Figure 4.8c). Furthermore, this component 
shows a band at 1050 nm but does not show the band observed for the previous samples 
at 1500 nm. On the other hand, the spectral profile f the components A2 (red line in 
Figure 4.15b), which actually looks similar to the spectral profile of the TPDC12SH 
excited state in solution, shows a distinct band at 1500 nm which becomes even more 
intense for the amplitudes A3 (blue line in Figure 4.15b). The offset, A0, also exhibits a 
spectral distribution with a clear band centered about 1500 nm (green line in Figure 
4.15b). This overall behavior suggests that a spectrally distinct species is being formed in 
conjunction with the rapid decay of the initially photoexcited TPDC12.  
 
 
Hypothesizing that one deactivation pathway of the excited TPDC12 molecules 
leads to the formation of the new species, while the other one represents relaxation back 
 
Figure 4.16. A simplified energy level diagram for TPDC12 in neat film showing excitation and 
assumed relaxation pathways for both cases: a) without and b) with forming the new species. 
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to the ground state, one could assign the amplitudes A1 to the excited state of the 
molecules undergoing the transformation to the new species, |[\ to |[\, and A2 to the 
transition from state |[\ to |[$\. It is possible that part of the TPDC12 molecules in the 
neat film can be arranged in a manner, which allows forming e.g. excited state complex, 
an excimer, leading to the formation of the new species. The other part of the 
chromophores, on the other hand, may have geometry that does not allow for the new 
species to form. This scenario could result in the two time components with amplitudes 
A1 and A2, respectively. The new species is evident in the distinct shape of the spectral 
amplitudes A3 or A0. Such spectral similarity between these two amplitudes suggests that 
that they could be due to the same species with two different lifetimes or perhaps 
showing a dispersion of lifetimes, as it could be dependent on the geometry of the 
chromophores.xxviii  The shape of the spectral profile A1 can be influenced by the spectral 
profile of the quickly growing new species, X, if the relaxation rates are dominated by k1, 
i.e. k2 << k1. A simplified kinetic model of just such a process i  discussed in more detail 
below. The shape of the spectral profile of the A2, on the other hand, is consistent with 
the shape of the spectrum of TPD excited state, the TA spectrum shortly after the 
excitation pulse, as shown in Figure 4.8c.  
  
                                                           
xxviii The formation of the new species is characteristic to the TPDC12 neat film only, suggesting that 
perhaps inter chromophore interaction is crucial to its formation. The chromophores in the amorphous film 
may be oriented randomly or form small crystalline domains, which may affect the lifetime of the species.  
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4.4.3.1. Proposed Kinetic Model 
A simplified kinetic model describing the aforementio ed process, associated 
with amplitudes A1 under assumption that k2 << k1, was described by Dr. Michal 
Malicki14 in the following way: 
    ()B∗  ]  ^ ]  ()B      (4.4) 
where TPDC12* is the initially excited state of TPDC12 that decays with a rate constant 
k1 to form a new species X which then relaxes, with a time constant k3, to generate 
TPDC12 in its ground state. The kinetic equations de cribing these processes are as 
follows: 
    ()B∗ = ()B∗%   (4.5) 
     ^ = ()B∗%  
 −    (4.6) 
[TPDC12*]0 is the initial concentration of TPDC12 in the excited state formed after 
excitation with the laser pulse at 350 nm. The time dependent concentrations of the two 
species give rise to ∆OD according to Beer’s law: 
   ∆Z)()∗, ` = N()∗`()B∗%   (4.7) 
  ∆Z)^, ` = N^`()B∗%  
 −    (4.8) 
where ∆ODTPD*(t, λ) and ∆ODX(t, λ) are time and wavelength dependent transient 
absorption intensities originating from TPDC12* and from species X, respectively. εTPD* 
and εX are the molar extinction coefficients of TPDC12* and of species X, respectively, 
and b is a path length. The measured signal is a sum of these two components: 
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   +abc, d  =  +abefb∗c, d  +  +abgc, d  (4.9) 
This sum can be rewritten by substituting equation (4.7) and equation (4.8), and grouping 
the terms with the same time constant: 
  +abc, d  =  N()B∗% h()∗` + ^` i 
  (4.10) 
    + N^`()B∗%  
 
The pre-exponential components in equation (4.10) describe the pre-exponential 
amplitudes A1 and A3 found from fitting the experimental data: 
   #` =  N()B∗% h()∗` + ^` i  (4.11) 
   #` = N^`()B∗%     (4.12) 
The spectral distribution of amplitudes A1 is a linear combination of the wavelength 
dependent extinction coefficients of TPDC12* and of species X. The factor determining 
the relative contribution of the extinction coefficients on the amplitudes A1 is dependent 
on the decay rates k1 and k3. The global fitting analysis of the neat film of TPDC12 
revealed that the relationship between these decay rates corresponding to the A1 and A3 is: 
k3 << k1. The rate of decay of species X is assumed
xxix to be related to the amplitude 
profile of the pre-exponential components A3. While equation (4.11) can be simplified to 
take the following form: 
   #` =  N()B∗%!()∗` − ^`'   (4.13) 
                                                           
xxix However, the spectral characteristics of the species X are present in the profiles of A3 and A0. It has been 
argued before that most likely the multiple discrete time components are due to dispersion of lifetimes in 
the neat, inhomogeneous film.  
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revealing that the spectrum of the pre-exponential amplitudes A1 is proportional to the 
difference between the extinction coefficients of TPDC12* and X.  
It is reasonable to assume that at the very early time, shorter than the extracted 
decay components, i.e. ca. 0.6 ps from the excitation pulse, the transient absorption 
spectrum correspond to the excited state of TPDC12 and the transient absorption spectra 
recorded at delays larger than the lifetime of the excited state TPDC12, e.g. 480 ps are 
due to the new species X. According to the equation (4.13) it should be possible to obtain 
a spectrum corresponding to the amplitudes A1 by subtracting ∆OD(480 ps) from 





Figure 4.17. Transient absorption spectra in: a) visible and b) NIR of TPDC12 neat film at early time 
∆OD(0.6 ps) and after 480 ps ∆OD(480 ps), plotted together with a spectrum obtained by subtraction: 
∆OD(0.6 ps) - ∆OD(480 ps) and spectral amplitudes A1 obtained from global fitting. The spectrum 
∆OD(0.6 ps) was normalized at its maximum, while the sp ctrum ∆OD(480 ps) was scaled in a way to 




Figure 4.17 shows transient absorption spectra in a) the visible and b) the NIR 
region recorded at 0.6 ps ∆OD(0.6 ps) and 480 ps ∆OD(480 ps) after the excitation pulse 
together with the difference between these two spectra and the spectral amplitudes A1. 
The intensity of the spectrum ∆OD(0.6 ps) was normalized at its maximum and the 
intensity of the spectrum ∆OD(480 ps) scaled in order to best fit the amplitudes A1 upon 
subtraction, ∆OD(0.6 ps) - ∆OD(480 ps). The curve obtain from this procedure 
reproduces the spectral profiles very well, indicating that the evolution of the transient 
spectra is consistent with the presented kinetic model and supports the concept of 




4.4.3.2. Identification of the New Species 
The spectral profiles A0 and A3, found for TPDC12 neat film, were assigned to the 
formation of the new species upon photoexcitation. The spectrum of the 
electrochemically generated TPDC12 radical cation is shown in Figure 4.18 together with 
the spectral profile of the amplitudes A0. The profiles of the amplitudes and UV-vis-NIR 
absorption spectrum of TPDC12•+ were normalized to the respective peaks at 480 nm a d 
at 1470 nm. The discrepancy associated with the peak at round 650 nm in the A0 profile 
is most likely due to the long-lived triplet absorption. Overall, the similarity of the two 
spectral shapes is quite remarkable, suggesting a formation of TPDC12 radical cation or 
TPDC12 cation-like species in the photoexcited neat film of TPDC12. 
 
 
Figure 4.18. UV-Vis-NIR absorption spectrum of TPDC12•+ in DCM solution – black line, and 
amplitudes of the long living component A0 obtained from global fitting of transient absorption kinetics 




The results above support the formation of TPDC12 cation-like species upon 
photoexcitation of the neat TPDC12 film. Other samples that were studied, i.e. 
TPDC12SH in toluene / DMF (5:1) solution and TPDC12 in the PS matrix, do not exhibit 
such behavior, suggesting that the process of formation of the cation-like species takes 
place only at high concentration of TPD moieties. This further suggests that the most 
likely mechanism leading to cation formation involves intermolecular charge transfer 
between two TPD molecules. This is also consistent with the fluorescence quenching in a 
neat film of TPD reported by Tsuboi and Penzkofer.15  
 
 
4.5. Anisotropy of the TPDC12 in Solid Films 
The temporal evolution of anisotropy during excited state absorption 
measurements can be used to obtain very useful information about orientational changes 
of the transition dipole moments of the investigated species by rotational movement, or 
transfer of energy by either Forster or Dexter mechanisms between molecules. 18, 19 When 
little interaction between neighboring molecules can be assumed, the decay of anisotropy 
of chromophores in solution is usually dependent on the local molecular environment. 
The rate of decay is dependent on the solvent viscosity18 and it becomes extremely slow 
in solid-state environments. Thus, in such environme ts, solid films, the mechanism of 
anisotropy decay via molecular reorientation can be virtually eliminated, leaving 
interaction between chromophores as the dominant decay mechanism.  
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The anisotropy measurements were done for TPDC12 in PS films at doping ratios 
of a) 3.4 wt. % and b) 0.67 wt. %. The anisotropy (r) of the transient absorption was 
calculated using the following formula: 
     K = ∆Z)∥∆Z)k∆Z)∥∆Z)k     (4.14) 
where: ∆OD∥ and ΔOD⊥ are collocated transient absorption after excitation with 
parallel and perpendicularly polarized with respect to the probe polarization 
femtosecond laser pulses.  Figure 4.19 shows the anisotropy spectra and decay kinetics 
at selected wavelengths for the doped films. Decay of the anisotropy kinetics of the 
higher concentration film is faster than for the lower TPDC12 concentration film. 




There seems to be some dependence of the concentration of he chromophores on 
the depolarization rate. Such concentration dependence is consistent with the concept of 
some sort of energy exchange between neighboring TPDC12 molecules, since molecules 
are immobilized in a solid film and molecules at higher concentration are either closer to 




Figure 4.19. Anisotropy spectra at selected decay times (top) and anisotropy decay kinetics at selected 






 Excited state dynamics of TPD chromophores in solution, as well as TPDC12 in 
polystyrene and as neat films, were investigated by TCSPC and transient absorption 
spectroscopy. The fluorescence decay of the TPD chromophore in toluene and in 5:1 
mixture of toluene and DMF are significantly slower than the fluorescence decay of the 
TPDC12 neat film, which is consistent with literature reports. Moreover, a global fitting 
analysis of the femtosecond transient absorption data shows different excited state decay 
dynamics between the solution of TPDC12SH, TPDC12 in PS, and the TPDC12 neat 
film. The spectral components assigned to the first singlet excited state absorption of the 
chromophore in solution have the lifetime of 1450 ps, which is consistent with the 
fluorescence decay observed by TCSPC. The corresponding lifetimes of TPDC12 in PS 
and in neat film form are significantly shorter. Global fitting analysis also reveals that the 
excited state absorption of the neat film of TPDC12 is accompanied by absorption of a 
cation-like species of TPD with significantly longer lifetime than the excited state. The 
spectral profiles of the extracted amplitudes are consistent with part of the excited 
TPDC12 decaying directly to the ground state, while th  other part of the excited 
chromophores deactivating via an intermediate step leading to the formation of the 
cation-like species. The formation of the cation-like species is consistent with the 
proposed simplified kinetic model of a two step process. The cation-like TPD is not 
observed in the other samples, with lower concentration of the chromophores. This 
observation indicates that intermolecular interaction between the chromophores is crucial 
to produce the new species upon photoexcitation. The intermolecular interactions are also 
observed in concentration dependent anisotropy measur ments of the transient absorption 
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of the TPDC12 in PS, where the higher concentration of chromophores results in faster 
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ULTRAFAST SPECTROSCOPY OF SILVER NANOPARTICLES 
FUNCTIONALIZED WITH BIS(DIARYLAMINO)BIPHENYL LIGANDS 
 
 
5.1.  Introduction 
Photophysical properties of chromophores in the proximity of metal 
nanostructures have fascinated scientists in recent years. The main focus in the studies of 
fluorescent chromophores adsorbed on metal surfaces is devoted to radiative and 
nonradiative decay rates of the chromophores.1-3 The deactivation of the excited states of 
fluorescent chromophores in the proximity of metal surfaces has been studied for more 
than three decades.4-6 While the origin of the process is often assigned to energy2, 7 or 
electron transfer 8, 9 from the excited molecule to the metal, theoretical models describing 
such systems are still being investigated.3, 10, 11 Moreover, the effects associated with 
interactions between chromophoric ligands adsorbed onto metal surfaces, where the 
concentration of such ligands is usually much higher t an in solution, are very often 
neglected. Recently, intermolecular interactions leading to excimer formation have been 
also proposed as a pathway for nonradiative depopulation of the excited states of 
chromophores attached to gold nanoparticles. 1, 12  
In this chapter, the question of the effect of the Ag core on the photophysics of 
TPD, wherein the spectral overlap of the TPD emission and the AgNP plasmon 
absorption is substantial, and the role chromophore-ch omophore interactions play in the 
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photophysics will be addressed. The results of femtosecond transient absorption 
experiments of a system composed of silver nanoparticles and bis(diarylamino)biphenyl 
(TPD) chromophores, which are chemically attached to the silver surface via a thiol 
group and an alkyl chain serving as a linker, will be detailed. The distance of the 
chromophores from the nanoparticle surface has beencontrolled by using (CH2)3, (CH2)4, 
(CH2)8 or (CH2)12 linkers. These silver nanoparticles functionalized with the TPD ligands 
have been characterized in chapter 3 by TEM, TGA, NMR, FTIR and UV-vis 
spectroscopy. The average sizes of the nanoparticles were determined to be in the range 
of 3.5-5.2 nm. Excited state lifetimes of the TPD chromophores attached to silver 
nanoparticles were measured to be within the range of 0.8-1.5 ps and it was determined 
that there is a distinct influence of the number of CH2 groups in the linker on the lifetime. 
Furthermore, for the chromophores that are closest to the metal surface, the formation of 
a new species is observed following the initial chromophore photoexcitation. The new 
species resembles radical cation of TPDC12 spectrally and its formation is associated 
with intermolecular interaction in the TPD shell at high concentrations. 
 
5.2. Femtosecond Transient Absorption Spectroscopy in the NIR 
Due to the difficulties associated with desorption f the ligands from the 
nanoparticles and strong quenching of the fluorescence of the chromophores by the 
metallic core,4, 6, 13, 14 fluorescence-based dynamics are very difficult to in erpret, since 
the signal can be dominated by the fluorescence from the desorbed chromophores. This 
point has been addressed in chapter 2 of this thesis. The fraction of desorbed 
chromophoric ligands has been estimated from 1H NMR spectra in chapter 3. It has been 
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shown that less than 2% of the ligands are desorbed in all of the studied samples. 
Nonetheless, the small fraction of desorbed TPD ligands can significantly affect 
fluorescence decay measurements, if the fluorescence of the covalently attached 
chromophores is strongly quenched by metal nanoparticle. However, such a small 
fraction of desorbed ligands should not significantly affect transient absorption based 
studies. Kinetics of the TPD chromophores attached to silver nanoparticles reported 
herein was therefore studied by femtosecond transient absorption. 
 Transient absorption spectroscopy studies of the TPD excited state were focused 
on the NIR spectral region, since the excited state of the TPD in the visible region 
overlaps with the strong transient response of the AgNP plasmon absorption15-17. In this 
region, the transient absorption of silver nanoparticles shows very strong bleaching of 
plasmon resonance absorption with positive induced absorption bands on the wings of the 
plasmon bleach signal. The induced absorption bands re due to thermal heating of the 
nanoparticles18. Increased temperature of a nanoparticle can also increase its volume, 
which leads to lower density of electrons in the metal. As a consequence, the plasmon 
absorption band broadens and red shifts, increasing tra sient absorption in the plasmon 
wings. The positive transient signal in the plasmon wi gs decays as the particles cool 
down18. In the near IR, on the other hand, the transient r sponse from silver nanoparticles 





Transient absorption spectra of TPD ligands attached to silver nanoparticles are 
shown in Figure 5.1. Overall the spectra resemble spectra of the excited state absorption 
of the TPD species in solution and in neat films. However, the decays are much faster for 
the chromophores attached to AgNP than for the samples of TPD moiety in solution or in 
films. The excited state absorption bands of AgTPDC12-I and AgTPDC8-I decay quite 
 
 
Figure 5.1. Time evolution of transient absorption spectra of: a) AgTPDC12-I, b) AgTPDC8-I, c) 
AgTPDC4-I and d) AgTPDC3-I in a mixture of 5:1 toluene:DMF. Samples were excited at 350 nm with 
pulse energy of 1.9 µJ. The delay times shown in the legends represent delay times from the initial 
onset of the transient signal. A delay time of 0.8 ps represents the time at which the transient signals 
reached their maxima.  
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uniformly throughout the spectrum, whereas transient spectra of AgTPDC4-I and 
AgTPDC3-I show rapid decay of the 1050 nm excited state absorption band and develop 
a new band at longer wavelengths, a few ps after the excitation pulse. It is also worth 
noting that the spectrum of the AgTPDC3-I sample at 1 ps shows a stronger signal at 
1050 nm than at 1.4 ps, whereas the signal intensiti s a  1520 nm behave in the opposite 
way. This indicates that while the excited state absorption is decaying, there is growth of 
the absorption of some species with absorption at 1520 nm. Moreover, the shape and 
position of the growing band at 1520 nm resembles that observed for the neat film of the 
TPDC12 model compound, which was assigned to the formation of a cation-like form of 





Figure 5.2. Normalized transient decay traces of AgTPDCx-I (where x = 3, 4, 8 and 12) recorded at: a) 





The decay traces in Figure 5.2 depict the time evolution of the transient 
absorption at selected wavelengths in more detail. The plots show normalized decay 
traces of all four samples AgTPDCx-I (where x = 3, 4, 8 and 12) at 1050 nm (a) and 1520 
nm (b). There are two sets of nearly overlapping decay curves at 1050 nm. The first set 
consists of the decays of AgTPDC12-I and AgTPDC8-I, and the second one belongs to 
AgTPDC4-I and AgTPDC3-I. The first set with longer linker lengths has an initially 
slower decay rate than the shorter linker set. While it is also evident that the decay curves 
of the first set are almost identical to each other, the decays of AgTPDC4-I and 
AgTPDC3-I are only similar to each other at very early time. After 2 ps the decay of 
AgTPDC4-I becomes slower than that of AgTPDC3-I. 
The decay recorded at 1520 nm are very similar for AgTPDC12-I and AgTPDC8-
I, while the decays of AgTPDC4-I and AgTPDC3-I are significantly slower. However, 
the latter two curves initially decay faster than the first two, only later becoming slower. 
It is also clear that the rate of decay of the AgTPDC4-I signal is generally greater than 
that of AgTPDC3-I, particularly at shorter times. The evolution of the transient spectra as 
well as the analysis of the decay traces, discussed below, indicate that there is a dominant 
fast decay of the excited state of the TPD moiety in AgTPDC12-I and AgTPDC8-I. The 
behavior of the other two samples however, resembles th  behavior observed for the neat 
film where, during the decay of the excited state,  new species was being formed.  
An analysis was conducted by using a global fitting routine on the transient 
decays at multiple wavelengths. Best fits were obtained with a sum of two exponentials: 
  ∆Z)`,  = #%` + #`%/X + #`%/X   (5.1) 
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t0, τ1 and τ2 were all shared, and t was the time variable. The parameters varied 
independently for the fittings were the pre-exponential amplitudes, A1(λ) and A2(λ), and 
the offset parameter A0. τ0 is an offset in time axis, which was fixed at the position of the 





Figure 5.3. Spectral distribution of pre-exponential amplitudes from global fitting analysis (A1(λ) – 
black line, A2(λ) – red line) and the offset parameter (A0(λ) – blue line): a) AgTPDC12-I, b) AgTPDC8-
I, c) AgTPDC4-I and d) AgTPDC3-I in a mixture of 5:1 toluene:DMF. Excitation wavelength was 350 








Figure 5.3 shows the spectral distribution of pre-exponential amplitudes (A1(λ) 
and A2(λ)) and the offset parameter A0(λ) obtained as a result of the global fitting analysis 
for AgTPDCx-I (where x = 3, 4, 8 and 12). Spectral profiles of the pre-exponential 
amplitudes for the samples AgTPDC12-I (Figure 5.3a) and AgTPDC8-I (Figure 5.3b) 
have only one significant component: A1(λ). These amplitudes correspond to the fastest 
decay times, which are 1.5 ps for AgTPDC12-I and 1.2 ps for AgTPDC8-I and their 
spectral profiles are consistent with the spectrum of the excited state of the TPD moiety 
in solution (Chapter 4).  
Spectral profiles of the pre-exponential amplitudes of the samples AgTPDC4-I 
(Figure 5.3c) and AgTPDC3-I (Figure 5.3d) are signif cantly different from AgTPDC12-I 
and AgTPDC8-I, as expected from the analysis of the spectral evolution and decay traces 
described above. There are two significant decay amplitudes in the global fitting for 
AgTPDC4-I and AgTPDC3-I. The time constants, τ1, corresponding to the amplitudes, 
A1(λ), are 1.0 ps for AgTPDC4-I and 0.8 ps for AgTPDC3-I. The spectral profiles for 
these decay times are quite different from the transient absorption of the excited state of 
TPD in solution. The spectral amplitudes observed for AgTPDC4-I and AgTPDC3-I are 
very similar to spectral amplitudes of the fast decay omponent for the neat film of 
TPDC12. These results indicate that the TPD excited s ate properties for the AgTPDC4-I 
and AgTPDC3-I particles are quite similar to the neat film and that the chromophores in 
the shells are relatively densely packed as in the solid, which is consistent with the NMR 
T2 data discussed in Chapter 3. 
 It should be emphasized that the peak position of the spectral amplitudes A1(λ) is 
distinctly different to that of A2(λ) and that each of these spectral components has a 
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distinct decay time. This suggests that the two spectral amplitudes are associated with 
two different species with different decay times and is consistent with the conclusion of 
the formation of a new species following excitation f r AgTPDC4-I and AgTPDC3-I 
based on the transient absorption spectral data discussed above. The global fitting 
analysis provided the decay time constants τ2 of 15 ps for AgTPDC4-I and of 5 ps for 






Figure 5.4. NIR absorption spectrum of radical cation of TPDC12 in DCM overlaid with spectral 
profiles of the offset (A0(λ)) component obtained from global fitting analysis of neat film of TPDC12 




 The spectral profile of the pre-exponential amplitudes with time component of 5 
ps of the sample AgTPDC3-I is consistent with both spectral profile of the offset A0(λ) of 
the neat film and the NIR absorption band on TPDC12 radical cation (Figure 5.4), 








Figure 5.5. Normalized decay curves of transient absorption of AgTPDC3-I and the neat film of 
TPDC12, recorded at 1050 nm and 1520 nm. Excitation wavelength was 350 nm, excitation energy per 
pulse was 2.4µJ for AgTPDC3-I and 0.48 µJ for the neat film. 
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Figure 5.5 shows the decay traces of AgTPDC3-I at 1050 nm and 1520 nm 
compared to the decays of the neat TPD film at the same wavelengths. Time traces 
associated with AgTPDC3-I decay faster than the ones corresponding to the neat film but 
overall the correlation between the decays at 1050 nm and at 1520 nm is quite good. At 
very early times, there is a shift in time between the transient maxima at 1050 nm and 
1520 nm in the nanoparticle sample while no such shift i  observed in the traces of the 
film. This temporal offset of the maxima is associated with a growth of the transient 
absorption and the formation of a species with absorption at 1520 nm. The estimated rise 
time for the C3 system is ~0.6-0.8 ps. On the other hand, the absence of a rising edge 
time shift in the neat film (which has a longer decay time constant) suggests a faster 
formation of the new species, which is not resolved in this experiment.  
The above results and analysis of the transient absorption behavior of the silver 
nanoparticles with TPD ligands covalently attached r veals ultrafast relaxation of the 
excited state of the TPD moiety. The lifetimes obtained from fittings show a clear 
dependence on the length of the alkyl ligand spacer between the chromophoric end 
groups and the metal surface. The systems with C12 and C8 linkers undergo fast 
electronic relaxation with a simple single exponential decay and no evidence of formation 
of the TPD cation species formed. This suggests that a simple mechanism involving non-
radiative relaxation due to energy transfer from the dye to the Ag nanoparticle core 
dominates the kinetics. For the C3 and C4 linker systems, the excited state spectrum and 
decay kinetics show solid-state like behavior consistent with a dense packing of the dyes 
in the chromophore shell. The photoexcitation of the shorter linker systems leads to a 
formation of a new species with an absorption peak at 1520 nm, with a surprisingly long 
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lifetime (5 – 15 ps) that has been assigned to a cation-like state that is spectrally very 
similar to the species observed following excitation of neat TPDC12 films. As a result, 
the excited states of the C3 and C4 linker systems can undergo nonradiative decay via 
energy transfer to the Ag nanoparticle core as wellas a charge transfer process within the 
chromophore shell that leads to formation of a cation-l ke state.  
 
5.3. Analysis of AgTPDC3 systems 
 In the following sub-sections AgTPDC3-x (where x = I, II and III) is discussed in 
terms of pulse energy dependence and coverage dependence in order to address the 
possible mechanisms of formation of the cation-like TPD in these systems. The other 
systems with longer alkyl linker are discussed in aseparate section. 
 
5.3.1. Excitation Energy Dependence 
Photoexcitation of the TPD in close proximity to a silver nanoparticle surface may 
lead to the formation of a cation-like species either by excitation with one photon or 
potentially more than one photon. These different mechanisms can, in principle, be 
distinguished by pulse energy dependent studies. A one-photon excitation process is 
expected to show a linear energy dependence for the spectral amplitude of the cation-like 








Figure 5.6. Spectral distribution of pre-exponential amplitudes (A1(λ) – black line, A2(λ) – red line) and 
the offset parameter (A0(λ) – blue line) obtained from fitting with sum of two exponentials of the decay 
traces of AgTPDC3-I in a mixture of 5:1 toluene:DMF at different excitation energies: a) 0.48 µJ, b) 
0.96µJ, c) 1.44 µJ, d) 1.9 µJ and e) 2.4 µJ. Time components are similar for all excitation energies: τ1 ~




a) 0.48 µJ b) 0.96 µJ 
c) 1.44 µJ d) 1.9 µJ 
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In order to better understand the mechanism of formation of the TPD cation-like 
species in close proximity to the AgNP core, a set of pulse energy dependent experiments 
were conducted. Figure 5.6 shows the spectral amplitudes (A1(λ) and A2(λ)) and the offset 
parameter A0(λ) obtained from global fitting analysis for AgTPDC3-I excited at five 
different excitation energies per pulse: a) 0.48 µJ, b) 0.96 µJ, c) 1.44 µJ, d) 1.9 µJ and e) 
2.4 µJ. The exponential decay time constants obtained by fitting the decays at different 
excitation energies were found to be similar for all excitation energies: t1 ~ 0.8ps and t2 ~ 
5ps.  
The spectral amplitudes for the samples excited at all the above energies have two 
significant components A1(λ) and A2(λ). At the lowest excitation energy, 0.48 µJ, (Figure 
5.6a) the dominant component is A1(λ) and the amplitude A2(λ) is relatively weak but not 
negligible. The spectral profile of A1(λ) at low energy is rather broad, including 
absorption at ~ 1500 nm but at increasing pulse energy the band tails off to longer 
wavelengths and the apparent absorption amplitudes decreases. At the same time the A2(λ) 





The peak spectral amplitudes (A1 at 1050 nm and A2 at 1500 nm) are plotted as a 
function of excitation pulse energy in Figure 5.7a. A1(1050) appears nearly linearly-
dependent on the excitation energy with a slight saturation at the higher energies, which 
is similar to the energy dependence for the 1050 nm band for all samples studied herein. 
This will be discussed later in the section on the results of the energy dependence of 
AgNP with TPD ligands with longer alkyl linkers. Inorder to assess power dependence 
of A2 we examined the ratios of these two amplitudes (A2/A1), in order to compensate for 
potential saturation effects. Figure 5.7b shows ratios of pre-exponential amplitudes, 
A2(1500) / A1(1050). The energy dependence of the amplitude ratio is linear, with an 
exception of the lowest energy point, which is well be ow the line. Although this point 
has a sizeable uncertainty as it is the ratios of small values, with error bars, its deviation 
from the line is also consistent with a threshold or n nlinearity for the process leading to 
the 1500 nm band.  
 
 
Figure 5.7. a) Pulse energy dependence of amplitudes A1 at 1050 nm and A2 at 1520 nm for AgTPDC3-




The linear energy dependence of the amplitude ratio indicates a quadratic 
response of the amplitudes A2 as a function of excitation energy, suggesting the
involvement of two photons in the formation of the cation-like species, as will be 
discussed in detail in the following paragraphs. Possible mechanisms that could give rise 
to a quadratic intensity dependence are either two-photon (or sequential one-photon) 
absorption by TPD chromophores individually, or a bimolecular process, involving two 
excited state TPD molecules that may undergo exciton-exciton annihilation.  
 In order to explain the intensity dependent behavior described above, a kinetic 
analysis has been performed using three models: two that involve a two-photon induced 
charge separation (via instantaneous or sequential two-photon absorption) and another 
that involves annihilation of a pair of one-photon excited states that leads to charge 
separation. The schematic diagram shown in Figure 5.8 illustrates the relevant energy 
levels of TPD and TPD•+ (where TPD•+ refers to a cation-like TPD species) with 
instantaneous (2PA) or sequential (referred to as 1+1 excitation) two-photon excitation 
and exciton-exciton annihilation (EEA). In the 2PA model, the TPD molecules are 
directly excited from ground state |[\ to the higher excited state |[\, by instantaneous 
absorption of two photons. On the other hand, in the 1+1 excitation model, a TPD 
molecule is initially excited from its ground state |[\ to the first excited state |[\, from 
which it can be promoted to the higher excited state |[\ by absorbing second photon with 





Alternatively, the higher excited state |[\ can be also reached by energy transfer between 
two excited molecules in the process of EEA. In this model, two TPD molecules in the 
first excited state |[\ interact with each other by exchanging energy. Oneof the molecules 
relaxes to the ground state |[\, which is represented in the Figure 5.8 by a wavy red line, 
and the energy of this transition is transferred to the second TPD in state |[\, represented 
by straight red line in the Figure 5.8, which promotes the molecule to the higher excited 
state |[\. Absorption of two photons with energy hν provides enough energy to lead to 
charge separation, following which the system forms the TPD•+ ground state |[•\  .  
 
 
Figure 5.8. Schematic diagram describing energy levels of TPD and cation-like TPD (TPD•+) and 
possible pathways for photoinduced charge separation. Straight arrows represent absorptions, whereas 
wavy arrows show spontaneous relaxation pathways. A1 and A2 are the excited state and cation-like 
absorptions associated with pre exponential amplitudes obtained from global fitting. The red arrows in 
EEA model represent energy exchange between two excited TPD molecules, where the wavy red line 
represents relaxation of one excited TPD molecule and the straight red line illustrates promotion of the 
second excited TPD molecule to higher excited state lev l via energy transfer. 
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It is possible that the molecule can reach state | [\ either by simultaneous or 
sequential two-photon absorption (2PA) or by a bimolecular process such as exciton-
exciton annihilation (EEA) as mentioned above. In the next section we examine kinetics 
of each of these mechanisms for the AgTPDC3 systems. 
 
5.3.1.1. Two-photon absorption  
The two-photon absorption process can result in promotion of a TPD molecule to 
the state |[\ and the associated kinetic model can be expressed by the following equation: 
    
Q
 = Φ
25 − 2?    (5.2) 
the solution of which is: 
    2? = 251 − 
    (5.3) 
where N0 is a total number of molecules and δ is the two-photon absorption cross-section. 
By applying a series expansion to the exponential function, equation (5.3) takes the 
following form: 




S! − ⋯ i   (5.4) 
 The first term in the expansion gives a quadratic dependence on flux Φ, with a saturation 
behavior due to second term at higher Φ. The rate of formation of the cation-like species 
is proportional to Nn(t)*η(n→g
•+), where η(n→g•+) is the quantum efficiency of transition 




5.3.1.2. Sequential One-Photon Absorption  
The kinetics of the 1+1 excitation process can be described by the following pair 
of differential equations: 
   
Q
 = :4Φ25 − 2 − :Φ+2  (5.5) 
     
Q
 = :Φ2     (5.6) 
Assuming negligible population Nn compared to Ne and Ng the solution for Ne(t) gives: 
    2 =
Q
 !1 − 
'    (5.7) 
with Φ = !: + :4'Φ + . By applying a series expansion to the exponential and 
rearranging, the above equation takes the following form: 
   2 = :425Φt h1 − ! +

S! − ⋯ i   (5.8) 
At low photon flux the series expansion can be truncated at the first term, at which point 
Ne(t) becomes linearly dependent on Φ. However, at high flux, the population of the 
molecules in the first excited state will also be diminished by the excited state absorption, 
leading to saturation behavior. In such a situation more terms of the series need to be 
included. The population of the molecules in the higher excited state, Nn(t), is expressed 
by the following equation: 
   2? =
Q
 !
 + Φ − 1'   (5.9) 




  2? = 1 ::425Φ
 h1 − S! +

! − ⋯ i  (5.10) 
The number of molecules in the state |[\ is quadratically dependent on the photon flux at 
low excitation energy, whereas at higher energies it also shows saturation behavior.  
 
5.3.1.3. Exciton-Exciton Annihilation 
Before considering the kinetic model of the EEA process, the feasibility of this 
process needs to be assessed, as there needs to be m re than one excited TPD per 
nanoparticles for EEA to occur. A assessment of this potential EEA process is provided 
by calculation of the fraction of the excited states of the TPD ligands to the number of the 
ligands in the ground state (Ne/ 0) throughout the excited volume of the sample.
xxx The 
calculation was done for sample AgTPDC3-I, where OD(350 nm) = 2.5. The specific 
contributions to this absorbance from the TPD ligand d AgNP were determined based 
on the data provided in Table 3.5 of chapter 3: ODTPD = 2.0 and ODAgNP = 0.5. Under 
optical pumping, the concentration of the TPD excited states is highest at the front wall, 
since the beam intensity is the strongest there and f lls off as it propagates through the 
highly absorbing solution. The average number of TPD ligands per one AgNP in 
AgTPDC3-I is ~250 (provided in Table 3.5 of chapter 3). Assuming a statistical 
distribution of the excited states for nanoparticles with an average of 250 chromophores, 
in order for one nanoparticle to have two TPD ligands in the excited state Ne/ 0 would 
need to be ≥ 0.008.  
                                                           




Figure 5.9 shows the calculated dependence of Ne/N0 as a function distance for 
the beam propagating through the solution. The threshold for two TPD ligands being in 
the excited state on the same nanoparticle is at Ne/N0 = 0.008, which indicates that almost 
all nanoparticles have more than one TPD in the excited state for all excitation energies. 
This analysis indicates that the mechanism for formation of the cation-like species 
involving two excited TPD ligands is theoretically possiblexxxi at all excitation energies. 
Moreover, in order for this mechanism to be effective, excited state migration should be 
                                                           
xxxi This argument assumes a statistical distribution of the excited states in the sample. 
 
 
Figure 5.9. Fraction of TPD ligands in excited state to the molecules in ground state as a function of 
distance from the front wall of the cuvette (the wall through which the beam enters the cuvette) 
calculated for AgTPDC3-I for five excitation energies: 0.48 µJ, 0.98 µJ, 1.44 µJ, 1.9 µJ and 2.4 µJ. 
Calculations include pump beam depletion from both TPD ligand and AgNP.  
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fast, since the lifetime of the excited states of these dyes on the nanoparticles is less than 
1ps. 
Here we consider a kinetic model for charge carrier generation via EEA, where 
the molecules in the first excited state |[\, as depicted in Figure 5.8, are promoted to the 
higher excited state |[\. In the following kinetic analysis we consider the EEA process 
after the laser pulse, which assumes that the number of annihilation events during the 
pulse can be neglected. Thus for the EEA kinetics we can assume initial number of 
excited states to be 20,   =  :425Φ . The kinetics of exciton-exciton annihilation 
leading to the formation of the cation-like species can be described by the following set 
of differential equations: 
    
Q
 = −2 − ¡2
    (5.11) 
     
Q
 = ¡2
     (5.12) 
where γ is EEA rate constant. The solution of the first equation for Ne gives: 
     2 = Q5, 
¢£¤
1¥5,1¢£¤    (5.13) 
where ¦0, Φ = 20, Φ¡/ . The total number of higher excited states that could 
generate cation-like species is: 
   2? = §¨ ©¦0, Φ − ln1 + ¦0, Φª   (5.14) 
This equation can be expressed by the series expansion: 






 − ⋯ i  (5.15) 
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In conjugated polymers, e.g. MEH-PPV, γ is on the order of 10-8 cm3 s-1. Under this 
condition ¦0, Φ ≪ 1, equation (5.15) can be approximated with the first term of the 
series, which makes the Nn(t) quadratically dependent on excitation energy.  
All the mechanisms discussed above show quadratic dependence on the excitation 
energy for low excitation intensities, with saturation occurring at high intensities. Due to 
the fact that the essential parameters δ, σe, and γ are not known, it is not possible to 
distinguish between the above mechanisms based on the pulse energy dependent behavior 
alone. However, the bimolecular process can be distinguished from the other mechanisms 
by studying the dependence of the formation of the cation-like species on the surface 
concentration of chromophores.  
 
5.3.2. Coverage Dependence – AgTPDC3 Systems 
The power dependent studies have revealed that the formation of the cation-like 
species upon excitation of the TPD in AgTPDC3-I is a nonlinear process with quadratic 
power dependence. The possible mechanisms discussed above are: absorption of two 
photons by one TPD molecule either simultaneously (2PA) or sequentially (1+1 
excitation), and a bimolecular process (EEA). The bimolecular mechanism can be 
distinguished from the others by studying coverage dependence, since two molecules 
participate in the formation of the cation-like species, which is sensitive to the 
concentration of the chromophores on the surface of nanoparticles. This concentration 
was varied in a controlled manner by co-adsorption of dodecylthiol together with TPD 
ligands during the place exchange reaction. The effects of such dilutions on the transient 
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absorption response in these systems were studied and the results obtained from a global 
analysis are discussed below. 
 
 
Figures 5.10a, 5.10b and 5.10c show spectral amplitudes of AgTPDC3-I, 
AgTPDC3-II and AgTPDC3-III, respectively. The first ample was functionalized only 
 
 
Figure 5.10. Spectral distribution of pre-exponential amplitudes for a) AgTPDC3-I, b) AgTPDC3-II 
and c) AgTPDC3-III in a mixture of 5:1 toluene:DMF. Spectral profiles A1(λ) – black line, A2(λ) – red 
line and the offset parameter A0(λ) – blue line are obtained from global fitting of the decay traces with a 
sum of two exponentials. The sample was excited at 350 nm, excitation energy was 2.4 µJ. Lifetimes of 








with TPDC3SH ligand and the latter two were prepared by co-adsorption of TPDC3SH 
with dodecylthiol (DDT) in the following molar ratios: 2:1 (TPD:DDT) for AgTPDC3-II 
and 1:2 for AgTPDC3-III. The dilution of the TPDs by incorporation of DDT leads to an 
increase in the average area per TPD ligand was determined to be 17.8Å2, 18.4Å2 and 
23.9Å2 for AgTPDC3-I, AgTPDC3-II and AgTPDC3-III, respectively. xxxii  With this 
larger average spacing of the TPD ligands upon dilution with DDT, if the process leading 
to the formation of the cation-like species is a bimolecular process, we would expect to 
see a significant reduction in the absorbance of the cation-like absorption band at 1500 
nm, whereas no significant change would be expected if it were a monomolecular two-
photon process.  
It can be readily seen in Figure 5.10 that the peak pre-exponential amplitude of 
cation-like species relative that of to the excited state band (A2(1500) / A1(1050)) is 
diminished upon dilution with DDT. These results are summarized in Figure 5.11 where 
values of A2(1500) / A1(1050) are shown as a function of area per one TPD ligand, for 
systems AgTPDC3-x (x = I, II, III). It is evident from this plot that efficiency of 
formation of the cation-like species is strongly dependent on the density of the TPD 
chromophores. This finding suggests that a bimolecular (or higher order) process, such as 
EEA, is responsible for the TPD cation-like species formation. 
 
                                                           




Interestingly, the lifetimes of the components are very similar for the particles with the 
higher TPD ligand concentration: for AgTPDC3-I τ1 = 0.83 ps, τ2 = 4.8 ps and for 
AgTPDC3-II τ1 = 0.89 ps, τ2 = 4.8 ps, whereas the time constants are substantially longer 
in AgTPDC3-III τ1 = 1.35 ps, τ2 = 9.1 ps. The decay time of the TPD excited state b nd 
(A1 band) increases by about 50% on further dilution (AgTPDC3-III), which is consistent 
with a reduced quenching of the excited state via EEA. Thus, the dilution of the TPDs 
with the DDT ligands can either play the role of barriers19 to energy migration or merely 
act to reduce the population of adjacent TPD pairs or aggregates that are needed for the 
formation of cation-like species. The lengthening of the lifetime of the cation-like 
 
 
Figure 5.11. Ratio of pre-exponential amplitudes A2 at 1500 nm to the amplitudes A1 at 1050 nm as a 
function of the area per TPD ligand on the AgNP surface. The data are presented for AgTPDC3-I, 




transient species upon dilution with DDT implies a reduction in the recombination rate of 
the charge carriers. Perhaps the charges are able to g t localized at larger separations 
upon dilution leading to slower recombination or there may be a destabilization of 
charged separated state upon dilution that slows the recombination. 
 
5.4. Analysis of AgTPDC4, AgTPDC8 and AgTPDC12 system  
Systems with longer linker lengths (four, eight and twelve carbon alkyls), 
specifically, AgTPDC4-y (where y = I, II), AgTPDC8-x and AgTPDC12-x (where x = I, 
II and III) are discussed in this section in terms of pulse energy and dye coverage 
dependencies of the transient absorption bands. We examine these dependencies in order 
to contrast the photophysics of these systems relativ  to what was observed for the C3 
linker system and to address the dependence of formation of the cation-like TPD species 
upon the distance of the dyes from the surface of silver nanoparticle. As will be shown 
below, the behavior appears to depend on the linker length along with the curvature of the 
particle, with the systems bearing longer linkers (C8 and C12) showing no evidence of 
formation of the cation like species. 
 
5.4.1. Excitation energy dependence 
Figure 5.12 shows spectral amplitudes (A1(λ) and A2(λ)) and the offset parameter 
A0(λ) obtained from a global fitting analysis of AgTPDC4-I excited at four different pulse 
energies: a) 0.96 µJ, b) 1.44 µJ, c) 1.9 µJ and d) 2.4 µJ. Spectral amplitudes for the 
samples excited at the three highest energies have two significant components A1(λ) and 
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A2(λ). The spectral amplitudes of AgTPDC4-I have similar shapes to those of the sample 
AgTPDC3-I, but with a much weaker dependence on excitation energy. The cation-like 
band, represented by A2(λ), is not apparent at the lowest energy and only starts appearing 




Figure 5.12. Spectral distribution of pre-exponential amplitudes for AgTPDC4-I in a mixture of 5:1 
toluene:DMF at varied excitation energies: a) 0.96 µJ, b) 1.44 µJ, c) 1.9 µJ and d) 2.4 µJ. Spectral 
amplitudes A1(λ) – black line, A2(λ) – red line and the offset parameter A0(λ) – blue line are obtained 
from global fitting with sum of two exponentials. The samples were excited at 350 nm. Lifetimes of the 
components are shown in the plot legends. 
a) 0.96 µJ b) 1.44 µJ 





It is evident from Figure 5.12 that the production of the cation-like species in the system 
AgTPDC4-I is not as favorable as in AgTPDC3-I system. The values of the amplitudes at 
1050 nm for A1 and at 1500 nm for A2 are plotted as a function of energy per pulse in 
Figure 5.13. Due to the low number of data pointsxxxiii  and weak pulse energy dependence 
of the amplitudes A2, in this energy range, these data are discussed only qualitatively. The 
amplitudes A1(1050) and A2(1500) increase with increasing excitation energy. The trends 
of A2(1500) are consistent with a threshold behavior similar to the one observed in 
AgTPDC3-I system. However, intensity of the amplitude A2 and its dependence on 
excitation energy is much weaker than in the case of AgTPDC3-I. This suggests that the 
formation of cation-like species upon photoexcitation s reduced even for a single carbon 
decrease in the number of carbon atoms in the aliphatic chain. 
 
                                                           





The lifetime of the excited state for AgTPDC4-I is τ1 ≈ 1 ps and that of the cation-
like band is τ2 ≈ 14 ps, both of which are longer than in the case of AgTPDC3-I. The 
longer lifetime of the species associated with τ1 is consistent with reduction in the rate of 
energy transfer from the chromophore to the metal particle core as a result of being a 
little further away from the metal surface. As for the increase in lifetime of the cation like 
species, this indicates a slower recombination rate for the C4 vs. the C3 linker system. 
One possible explanation is that if the electron lost by a TPD molecule to form the cation-
like species is transferred to the AgNP core, then the recombination rate would be 
expected to decrease as a result of the greater disance for the charge recombination. On 
the other hand, if the electron transfer happens between two TPD molecules, such a 
cation—anion pair could be stabilized by the formation of an image dipole in the metal. 20 
 
Figure 5.13. Changes in the amplitudes A1 at 1050 nm and A2 at 1520 nm plotted as a function of 
excitation energy in the sample AgTPDC4-I. The lowest plotted energy amplitude A2 has a low value 
and large error, as shown in Figure 5.12. 
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However, if the image dipole stabilization is dominant, the charge recombination of the 
dye radical anion – radical cation system would be slower when the dye molecules are 
closer to the metal surface, which is contrary to our bservations. The possible influence 
of length of alkyl chain on the generation of the cation-like species is discussed in the 
next section in conjunction with NMR results that offer information on the mobility and 




 A different energy dependence of the spectral amplitudes was observed for 
AgTPDC8-I and AgTPDC12-I compared to AgTPDC3-I and AgTPDC4-I. The excitation 
energy dependencies of the transient absorption spectra of the systems AgTPDC8-I and 
AgTPDC12-I are shown in Figure 5.14. The pre-exponential amplitudes are only shown 
for the lowest and highest energies examined, as the pectral profiles and lifetimes remain 
 
 
Figure 5.14. Spectral distribution of pre-exponential amplitudes for AgTPDC8-I and AgTPDC12-I in a 
mixture of 5:1 toluene:DMF at highest and lowest excitation energies. AgTPDC8-I: a) 0.96 µJ, b) 2.88 
µJ, AgTPDC12-I: c) 0.48 µJ and d) 2.4 µJ. Spectral amplitudes A1(λ) – black line, A2(λ) – red line and 
the offset parameter A0(λ) – blue line are obtained from fitting with sum of two exponentials of the 
decay traces of the samples. The lifetimes are ~ 1.2ps for AgTPDC8-I and ~ 1.5ps for AgTPDC12-I. 
The samples were excited at 350 nm.  
a) 0.96 µJ b) 2.88 µJ 






the same at all energies tested. This indicates that there is no generation of a cation-like 
species for the C8 and C12 linker systems. Indeed, th  amplitudes have the same spectral 
distribution for both systems, AgTPDC8-I and AgTPDC12-I, which resemble the spectral 
profile of the excited state of TPD, as shown in Chapter 4. The absence of the cation-like 
species could be due to the following factors: 1) if the cation-like species is formed by 
electron transfer from TPD to AgNP, the distance from AgNP surface could significantly 
reduce electron transfer rate from dye to particle. 2) If the electron is transferred between 
TPD molecules, there should be a larger barrier to charge separation with larger distance 
from Ag surface, as there is less screening by the polarization of the Ag core. It should be 
noted that, the cation-like species is photogenerated in a neat TPD film with no metal 
particles so the barrier cannot be very large in any case. 3) The increased length of the 
linkers for the C8 and C12 systems and the curvature of the particle can lead to a lower 
packing density of dyes on the surface; this would lead to a lower average electronic 
coupling between adjacent molecules and a lower rat of charge separation which may 
not compete with quenching of the excited states by the Ag core. 4) Finally, there is a 
possibility of plasmon enhanced absorption by the TPD, which would depend on the 
distance from the nanoparticle surface. Plasmon enhanced absorption, for molecules at a 
closer distance from the surface can lead to a higher number of excited molecules, which 
would result in a greater production of cation-like species. However, this phenomenon 
should not be significant due to the small size of the nanoparticles and excitation 
wavelength being off-resonance with the plasmon.xxxiv None of the above possibilities 
                                                           




can be excluded at this point and further discussion i  provided below in conjunction with 
the coverage dependence and observations for the shorter alkyl chain linker systems. 
The values of the peak amplitude A1 for AgTPDC8-I and AgTPDC12-I measured 
at 1050 nm are plotted against excitation energy in Figure 5.15. These amplitudes show 
somewhat linear behavior for the lower energies followed by some saturation. Therefore, 
the systems with 8 and 12 carbon linkers show evidence only for one photon excitation of 
the chromophores.  
 
 The results of the global fitting analysis show that TPD / AgNP systems with 8 
and 12 carbon atoms in the alkyl linker have only one significant lifetime component 
with lifetimes of 1.2 and 1.5 ps respectively, which s three orders-of-magnitude shorter 
 
 
Figure 5.15. Peak spectral amplitude A1 at 1050 nm plotted as a function of excitation energy for 
samples AgTPDC8-I and AgTPDC12-I. 
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than the lifetime of free TPD in solution. The presence of only one component suggests 
that the excited state of TPD undergoes relaxation to the ground state without formation 
of an intermediate species, suggesting that energy transfer from excited TPD to the metal 
nanoparticle is the dominant quenching mechanism for the longer alkyl linker ligands.  
 
5.4.2. Coverage Dependence 
Figure 5.16 shows spectral profiles of pre-exponential amplitudes of a) 
AgTPDC4-I, b) AgTPDC4-II and c) AgTPDC8-I and d) AgTPDC8-III, e) AgTPDC12-I 
and f) AgTPDC12-III. The first system a) is functionalized only with TPDC4SH ligands 
and the second one b) was prepared by co-adsorption of TPDC4SH with DDT in 1:1 ratio. 
The average area per TPD ligand on the surface of the nanoparticles was determined to 
be 13.2Å2 and 22.1Å2 for AgTPDC4-I and AgTPDC4-II respectively, as a result of the 
dilution of the TPD layer with DDT. The lifetimes asociated with amplitudes A1 and A2 






Figure 5.16. Spectral distribution of pre-exponential amplitudes (A1(λ) – black line, A2(λ) – red line) 
and the offset parameter A0(λ) – blue line obtained from fitting with sum of two exponentials of the 
decay traces of: a) AgTPDC4-I, b) AgTPDC4-II, c) AgTPDC8-I, d) AgTPDC8-III, e) AgTPDC12-I and 
f) AgTPDC12-III in a mixture of 5:1 toluene:DMF. The sample was excited at 350 nm, excitation 












The systems AgTPDC8-I, AgTPDC8-III and AgTPDC12-I, AgTPDC12-III show 
no differences in the spectral distribution of amplitudes, despite large differences in the 
average area available to the TPD ligand (or the average distance between TPD ligands) 
on the nanoparticle surface: 14.1Å2 and 36.1 Å2 for C8 and 14.0Å2 and 27.9Å2 for C12. 
The lifetimes associated with amplitudes A1 are very similar for AgTPDC8-I and 
AgTPDC8-III: t1 = 1.19 ps and t1 = 1.14 ps, respectively, and for AgTPDC12-I and 
AgTPDC12-III: t1 = 1.50 ps and t1 = 1.49 ps, respectively. It can be concluded at this 
point that for the samples AgTPDC8-I, AgTPDC8-III and AgTPDC12-I, AgTPDC12-III 
there is no significant surface concentration dependence of the transient absorption 
spectra and their lifetimes. This indicates that the energy transfer from the excited TPD to 
the AgNP is the dominant mechanism for quenching of the TPD excited state lifetime, 
and that charge separation between TPDs is insignifica t. However, samples of AgNP 
functionalized with TPD ligands with C3 and C4 alkyl linker both show some, but 





Figure 5.17 shows the ratio of the spectral amplitudes for the cation-like band to 
that of the excited state band, A2(1500)/A1(1050) a measure of the yield of the cation-like 
species, as a function of average area per TPD ligand in the mixed monolayers, for the 
systems AgTPDC3-x (where x = I, II, III) and AgTPDC4-y (where y = I, II). It is evident 
from this plot that efficiency of formation of the cation-like species is strongly dependent 
on the density of chromophores for systems AgTPDC3-x. The dependence, although only 
for 2 points, is less substantial for the samples AgTPDC4-y. These data suggest that the 
distance of the chromophores to the nanoparticle surface plays a significant role in the 
efficiency of formation of the cation-like species, although the difference in the linker 
 
 
Figure 5.17. Pre-exponential amplitudes A2 at 1500 nm normalized to the values of amplitudes A1 at 
1050 nm plotted as a function of the area available to a TPD ligand on the AgNP surface. The data is 
presented for systems AgTPDC3-x (where x = I, II, II ) (black squares) and AgTPDC4-y (where y = I, 
II) (red dots). Excitation energy used was 2.4 µJ and the excitation wavelength was 350 nm. 
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length is only one carbon. It is possible that whether the linker carbon number is even or 
odd (the so called even-odd effect21-23) could also play a role here. The effect of having 
even or odd carbon numbers can result in different orientations of the chromophores with 
respect to the nanoparticle surface or with respect to each other, which can influence 
electronic couplings that control the rates of charge t ansfer.  
Note that the footprintxxxv  of the TPDC4SH ligands is very similar to the 
footprints of the longer linker ligands and that all have even number of CH2 groups in 
their linkers. Moreover, T2 values of 
1H NMR indicate that the degree of packing of the 
chromophoric end groups is the highest for the smallest even number of CH2 groups. This 
is consistent with the expected distance dependence of the free volume for the 
chromophoric end of the linker, discussed in Chapter 3. The footprint of TPDC3SH on 
the other hand is significantly larger than the footprint of the other ligands and the T2
value indicates a smaller degree of packing between chromophoric end groups than in the 
case of AgTPDC4-I. These observations, together with transient absorption studies 
discussed above, indicate that the higher degree of packing of the chromophores is not 
the only factor controlling the efficiency of formation of the cation-like species. It has 
been shown above that the cation-like species is formed more effectively in the C3 linker 
systems than in the C4 linker systems and it is not formed in C8 and C12 linker systems, 
indicating strong dependence on the distance from the Ag core and/or an even-odd effect 
playing a role in this process. The packing geometry of the bulky TPD end groups may 
be affected by the alkyl chain being either even or odd in the number of carbons, such 
that the TPD chromophores are oriented favorably with respect to each other or to the 
                                                           
xxxv Footprint refers to an area per TPD ligand in systems of AgNP functionalized with TPD ligands only. 
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metal surface, to facilitate charge separation. Another possibility that may affect the 
packing geometry of the chromophores is the fact tha e short length of linker chains 
can result in higher degree of disorderxxxvi  within the monolayer on the nanoparticle 
surface, as is suggested by the IR data (Chapter 3). However, due to steric interactions 
between bulky chromophoric end groups and π-stacking interactions, the degree of 
disorder should be limited.23 Thus, the formation of the cation-like species could be 
assisted by an appropriate arrangement of the chromophores with respect to each other or 
with respect to the metal surface, as a result of an even-odd effect or the disorder. Such 
an appropriate arrangement of the chromophores could be crucial for the energy 
migration within the chromophoric shell, which eventually could lead to the EEA. 
Moreover, the distance of the TPD chromophore from the surface of the silver 
nanoparticle can play a crucial role for the formation of a TPD cation-like species. The 
silver nanoparticle can play a role of either enhancing the charge separation between the 
TPD chromophores or provide additional pathway for charge separation via electron 
transfer to the AgNP. 
Power dependent and coverage dependent studies of the yield of the cation-like 
species suggest that EEA leads to the formation of the cation-like species in the C3 alkyl 
linker systems. Such a process should be accompanied by migration of the excited state 
within the chromophoric shell, in order for the excited states to undergo EEA. Migration 
of excited states can be studied by anisotropy, which is the subject of the next section. 
  
                                                           
xxxvi The degree of disorder within the alkylthiolate monolayer is defined by the introduction of gauche 
conformations within the predominantly rans alkyl chains.  
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5.5.  Anisotropy 
Interaction of two TPD chromophores in the excited state leading to formation of 
the cation-like species, through e.g. exciton-exciton annihilation (EEA), requires efficient 
energy migration within the chromophoric shell. In order to address possible energy 
migration between TPD chromophores in the shell, time-resolved absorption anisotropy 
measurements were performed. Energy migration between the chromophores should 
affect anisotropy decay rates since the chromophores a  attached to the surface of a 
sphere-like particle so as energy moves from molecule to molecule the direction of the 
transient dipole will be averaged out. Another possibility is that energy transfer could 
occur between domains of chromophores that have diff rent orientations and also lead to 
depolarization. In this section, the anisotropy of fs transient absorption is studied with a 
goal to determine whether efficient energy migration occurs between TPD chromophores. 
The anisotropy decay of the transient absorption in TPD / AgNP systems can be due to 
rotational diffusion or energy migration between the chromophores.  
For chromophores in solution, the decay of anisotropy is usually associated with 
whole body rotational diffusion. The rotational rate of a molecule is often expressed by 
its rotational correlation time, which can be calculated from the Stokes-Einstein 
equation:24 
¬ = ­     (5.15) 
Where the correlation time, θ is the time required for a molecule to rotate by 1 radian, η 
is viscosity of the solvent, V is volume of the molecule, k is Boltzmann constant and T is 
temperature.25 The transient absorption anisotropy decay for TPDC12 model compound 
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in toluene has been reported to be around 320 ps.26 However, given that the correlation 
time is proportional to the volume of the molecule, the rotational correlation time for 
systems of nanoparticles with more than 200 chromophores attached should be long 
compared to that for the free molecule. Additionally, it was shown above that the NMR 
T2 times for TPD attached to Ag nanoparticles were on the order of 20 ms, such that the 
rotation time for chromophores on the particle is extremely long compared to that for the 
free molecule or the whole nanoparticle in solution. 
Figure 5.17a shows transient absorption decay for TPDC3I with parallel pump 
and probe polarization, together with the anisotropy (r) at 1056 nm calculated using the 
following equation:  
K = ∆Z)∥∆Z)k∆Z)∥∆Z)k    (5.16) 
where ∆OD∥ and ∆OD⊥ are the change in absorption recorded following excitation 
with parallel and perpendicularly polarized pump and probe laser pulses, 
respectively. The anisotropies at 1056 nm, 1211 nm and at 1521 nm (Figure 5.17b) all 
show extremely rapid decay.  Fitting these decays with a single exponential function 
gives time constants of about 0.6 ps for all three wavelengths. Recall that the shortest and 
longest wavelengths correspond to the positions of the TPD excited state absorption and 
the cation-like band, respectively. This ultrafast depolarization is orders of magnitude 
faster than the rotational correlation times discused above, indicating that rotational 
diffusion cannot explain the ultrafast depolarization of the AgTPDC3-I system. The 
anisotropy decay of the excited state absorption is consistent with fast energy transfer 
between TPD molecules in AgTPDC3-I.  It is somewhat surprising that the cation 
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absorption anisotropy is also very fast. This result ggests that hole hopping is as fast as 
energy hopping between chromophores in this system.  
 
 The systems with longer alkyl chains exhibit somewhat different 
anisotropy decay behavior. Figure 5.19 shows anisotropy decays of a) AgTPDC3-I, b) 
AgTPDC4-I, c) AgTPDC8-I, and d) AgTPDC12-I. The decays were again fit to a single 
exponential function and the decay time constants ob ained from these fittings are: 0.56 ± 
0.04 ps for AgTPDC3-I, 0.30 ± 0.07 ps for AgTPDC4-I, 0.64 ± 0.15 ps for AgTPDC8-I 
and 0.66 ± 0.12 ps for AgTPDC12-I. The anisotropy decay times are similar in all the 
systems, however only the anisotropy of AgTPDC3-I decays to zero; in the other cases 
there is a residual anisotropy that has a much longer decay time. Ultrafast energy 
 
 
Figure 5.18. a) Anisotropy decay of AgTPDC3-I in solution of 5:1 mixture of toluene and DMF at 
1211 nm (red dots) plotted together with transient decay at the same wavelength for sample (black line), 
b) anisotropy decay at three different wavelengths: 1056 nm, 1211 nm and 1521 nm plotted together 
with fitting lines. The decay lines were offset on time axis for fitting purpose. Excitation energy was 2.4 





migration between 4,4,’-bis(di-n-butylamino)distyrylbenzene chromophores linked to 
silver nanoparticles via a C11 thiol linker has been previously reported based on time 
resolved fluorescence up-conversion measurements27. The energy migration in that 
system results in depolarization with a decay rate of about 200 fs, which is of the same 
order of magnitude as observed for TPD coated nanoparticle systems reported here. 
Ultrafast depolarization has been attributed to very efficient dipole-dipole energy transfer 
between the densely packed chromophores.  
The initial transient absorption anisotropy carries information about the relative 
orientation of the excited- , and probed- transition dipole moments, as indicated by the 
following equation: 
    ° = S!±²²³´±²²³µ¶'
1
·     (5.17) 
The initial anisotropy values measured for the different systems are: ~0.08 for 
AgTPDC3-I, ~0.15 for AgTPDC4-I, ~0.15 for AgTPDC8-I and ~0.20 for AgTPDC12-I, 
all much lower than the expected value of r = 0.4 for parallel ground-state and excited 
state transition moments.  The initial anisotropy of the TPD transient absorption in the 
near-IR range has been determined to be ~0.3. This indicates that there is an angle of 30o
between the ground and excited state transition moments. The initial anisotropy values 
for TPDC12 in polystyrene at 0.6 and 3.4 weight percent are ~0.2 indicating that there 
may be an effect of the surrounding TPDs or the dielectric environment on the angle 
between the transition dipole moments. Thus, the diff rences in the initial values of the 
anisotropy for the TPD coated Ag nanoparticles suggest that the transition dipoles are 
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significantly affected by the distance between the TPD chromophores in the monolayer 
and/or by the proximity to the silver nanoparticle.  
 
The anisotropy measurements on the AgTPDC4, C8 and C12 systems differ from 
the C3 system in that the systems with the longer linkers show a residual anisotropy that 
must have a decay time of much greater than 2 ps. This indicates that a significant 
fraction of the TPD on the Ag nanoparticles do not undergo ultrafast energy migration. 
 
 
Figure 5.19. Anisotropy decays at 1056 nm, 1211 nm and 1521 nm measured for solutions in 5:1 
mixture of toluene and DMF of: a) AgTPDC3-I, τ = 0.56 ± 0.04 ps, b) AgTPDC4-I, τ = 0.30 ± 0.07 ps, 










This may be due to suppressed energy transfer between patches of chromophores on the 
surface in the C4, C8 and C12 systems that allows fr greater retention of polarization 
over longer times. 
 
5.6.  Conclusions 
Femtosecond transient absorption studies of TPD coated AgNP systems show 
ultrafast deactivation of the excited state of the TPD chromophore. The deactivation rates 
are three orders of magnitude larger than that of the free chromophore in solution. The 
quenching of the excited state was attributed to energy transfer from the dye to the Ag 
nanoparticle core for the samples with 8 and 12 CH2 groups in the alkyl spacer. On the 
other hand, the deactivation of the excited states of the TPD moiety in samples with 3 and 
4 CH2 groups in the alkyl linker was shown to possess an additional channel leading to 
the formation of a new species, which we have attribu ed to a species that is 
spectroscopically very similar to the TPD cation.  
The results from excitation energy and surface coverage dependence of the 
formation of the cation-like species are consistent with a model involving 1) 1PA 
excitation of multiple TPDs per particle, 2) exciton-exciton annihilation (EEA) of excited 
TPDs that is facilitated by ultrafast energy migration between TPDs on the surface, and 3) 
formation of a TPD cation like species from the higher excited state generated by EEA. It 
was suggested that either proximity of the chromophoric end groups of the ligands to the 
silver surface or the arrangement of the TPD chromophores with respect to each other or 
the metal surface, associated with an whether the link r has an even or odd number of 
carbons, plays a prominent role in this phenomenon. The arrangement of the 
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chromophores is expected to be crucial for the EEA process as ultrafast energy migration 
is needed for this to be competitive with energy transfer to the Ag nanoparticle core. 
Evidence for ultrafast energy transfer obtained using femtosecond absorption anisotropy 
measurements was presented and supports the EEA model for generation of the cation 
species. A short distance of the TPD chromophore from the surface of the silver 
nanoparticle appears to be critical for the formation of a TPD cation-like species, which 
may be due to an enhancement of the charge separation between two TPD chromophores 
by an image dipole generated in the Ag particle or by providing a pathway for the charge 
separation via electron transfer to the AgNP. 
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The ability to functionalize inorganic nanoparticles with organic ligands offers a 
means for synthesizing new hybrid systems with uniqe properties, which may 
substantially differ from the individual components. For instance, metal nanoparticles 
functionalized with organic chromophores can show enhanced fluorescence due to the 
concentrated electric field around the nanoparticles, which can find applications in 
imaging or as light harvesting materials for photovltaics. Additionally, photophysics of 
organic chromophores at metal interfaces are of great interest in organoelectronics. 
However, literature on the subject of the photophysics of organic chromophore – metal 
nanoparticle systems is scarce, and often incomplete. 
The objective of this dissertation was to investigate the photophysical properties 
of hybrid systems composed of bis(diarylamino) biphenyl (TPD) and silver nanoparticles 
(AgNP) with respect to the distance of the TPD from the nanoparticle surface as well as 
potential inter-chromophore interactions. The TPD chromophores were attached to the 
silver surface via an alkylthiol, where the distance between the chromophore and the 
nanoparticle surface is controlled by the length of the alkyl linker. The aspect of inter-
chromophore interactions was addressed by synthesizing TPD / AgNP systems with 
varying coverage of the TPD chromophores. The coverage was controlled by co-
adsorption of optically inert dodecylthiol (DDT) together with TPD ligands onto silver 
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nanoparticles. In order to attach the chromophores to the AgNP, while minimizing the 
possibility of chemical modification of the TPD ligand during synthesis, a very efficient 
ligand exchange reaction was utilized at room temperature without additional chemicals.  
A detailed analytical characterization of the synthesized nanoparticles was 
performed in order to aid in the photophysical studies of these systems. The TPD / AgNP 
systems were characterized using TEM, absorption spectroscopy, FT-IR, NMR 
spectroscopy, ICP-ES and TGA. The following questions were addressed using these 
techniques: what are the sizes of the nanoparticles, ar  the ligands attached to the AgNP, 
do the alkyl linkers act as reliable spacers to control the TPD-AgNP distance, how are the 
TPD ligands packed and what are TPD ligand footprins i  the studied systems?  
The average diameters of the nanoparticles were measur d by TEM, and the 
average sizes range from 3.5 to 5.4 nm. The presenc of the TPD containing organic 
shells around silver nanoparticles was confirmed by UV-Vis, FT-IR and 1H NMR 
spectroscopies. UV-Vis absorption and FT-IR spectra showed a clear dependence of the 
position of the surface plasmon resonance band on the length of the alkyl linker between 
the TPD end group and the nanoparticle surface, indicating that the alkyl linker controlled 
the TPD-AgNP distance. Insights into the density of packing of the TPD end groups in 
the AgNP systems were provided by T2 relaxation times, which indicated an increase in 
the density of packing with decreasing alkyl linker-l ngth for the systems with an even 
number of methylene groups. This trend is consistent with the concept of decreasing free 
volume when approaching the surface of a sphere, and the data were also consistent with 
an equivalent average area per TPD ligand at the surface of AgNP for the even number 
carbon linkers, ~14 Å2. The system with the C3 linker possessed a larger value of T2 than 
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for the C4 linker system, indicating a lower density of packing, both for the 
chromophoric end groups and the aliphatic linker. This was also consistent with an 
average area per TPD ligand at the nanoparticle surface of 17.9 Å2. An odd number of 
carbon atoms in the alkyl linker may introduce a different orientation of the end groups of 
the ligands, compared to that for an even number of carbon atoms, affecting the way the 
ligands pack on the nanoparticle surface. Alternatively, disorder in the linker 
conformations may also lead to similar observations. The information about the degree of 
packing was deemed to be crucial in the discussion of the photophysics of the studied 
TPD / AgNP systems. 
The photophysical properties of the TPD / AgNP systems were studied 
predominantly with the femtosecond transient absorption technique. This characterization 
showed ultrafast deactivation of the excited state of the TPD chromophore. The 
deactivation rates are three orders of magnitude larger than for that of the free 
chromophore in solution. The quenching of the excitd state was attributed to energy 
transfer from the dye to the nanoparticle for the samples with 8 and 12 CH2 groups in the 
alkyl spacer, as global fitting analysis showed only one significant component with its 
spectral profile of the pre-exponential amplitudes consistent with the excited state of TPD. 
On the other hand, the deactivation of the excited states of the TPD moiety in samples 
with 3 and 4 CH2 groups in the alkyl linker was shown to possess an additional channel 
leading to the formation of a new species. A global fitting analysis showed that the 
spectral profile of the new species had characteristics imilar to the cationic form of the 
TPD chromophore. Upon photoexcitation the cation-like species was also observed in the 
neat film of the TPD model compound but no signs of the species were present when the 
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chromophores were diluted either in liquid solution r in polystyrene films, indicating 
that interaction between TPD chromophores is needed to form the cationic species. The 
excitation energy dependence and the surface coverage dependence on the formation of 
the cation-like species were also studied. The population of the cation-like species was 
found to have a quadratic dependence on the excitation pulse energy, suggesting that 
either exciton-exciton annihilation (EEA), two-photon absorption or ground state 
absorption followed by excited state absorption are responsible for the formation of the 
cation-like species. However, the coverage dependent studies on the formation of the 
cation-like species indicate that EEA is most likely leading to the cation formation. The 
results of transient anisotropy measurements are also consistent with ultrafast energy 
migration, which is crucial in the EEA process. More ver, despite the fact that 
AgTPDC4-I has a higher density of chromophores thanAgTPDC3-I, the formation of the 
cation-like species is much more efficient for the systems with three carbon linker ligands. 
It was suggested that either the simple proximity of the chromophoric end groups to the 
silver surface or the arrangement of the TPD chromophores with respect to each other or 
the metal surface (the latter associated with an odd-even effect or a disorder), may play a 
prominent role in this phenomenon. Such chromophore arrangements could be crucial for 
energy migration within the chromophoric shell, which could eventually lead to EEA or 
may stimulate charge separation between chromophores or between TPD chromophores 
and AgNP after promotion of the TPD to a higher excit d state via EEA. Moreover, the 
distance of the TPD chromophores from the surface of the silver nanoparticle can also be 
crucial for the formation of a TPD cation-like species. The AgNP core may play a role in 
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either enhancing the charge separation between the TPD chromophores or provide an 
additional pathway for the charge separation via electron transfer to the AgNP.  
 In future work, the possible impact of the odd-even effect on the formation of the 
cation-like species could be studied by synthesizing a d characterizing AgNP / TPD 
ligands systems with an odd number of carbon atoms in the alkyl linker. Additionally, the 
potential influence of the arrangement of the chromophores with respect to each other 
could be addressed by photophysical studies of neat films of the TPD and the TPD model 
compound. The TPD model compound has an appended dodecanethiol group, which can 
make the neat film more amorphous than the TPD glass. The neat film of the model 
compound should have smaller crystalline domains and more disordered character than 
the TPD neat film. Thus, the packing of the TPD chromophores in the AgTPDC3 systems 
would likely more closely resemble packing in the film of the model compound, whereas 
the packing of the chromophores in the AgTPDC4 would resemble the packing in the 
TPD neat film.  
 The studies of the TPD ligands covalently attached to the silver nanoparticles, in 
the context of the chromophore packing and the chromophore-nanoparticle interactions, 
and the understanding of the photo-induced charge separation between TPD 






HIGH RESOLUTION 3-D MULTIPHOTON LITHOGRAPHY 
 
The body of this chapter consists of a copy of a paper published in “Optics Express”. 1 
 
“65 nm FEATURE SIZES USING VISIBLE WAVELENGTH 
3-D MULTIPHOTON LITHOGRAPHY” 1 
Wojciech Haske*, Vincent W. Chen*, Joel M. Hales, Wenting Dong, Stephen Barlow,  
Seth R. Marder, Joseph W. Perry 
*These authors contributed equally to this work 
School of Chemistry and Biochemistry and Center for Organic Photonics and Electronics, 
Georgia Institute of Technology, Atlanta, GA 30332-0400 
 
Abstract:  
Nanoscale features with linewidths as small as 65 ±5 nm have been formed reproducibly 
by using 520 nm, 100 fs, 1 kHz repetition rate pulsed excitation of a bis(di-n-
butyl)aminobiphenyl chromophore to initiate crosslinking in a triacrylate blend. 
Thresholds for high probability formation of lines and minimum feature sizes were 
determined through power and scan speed dependent dosimetry studies for chromophores 
with sizable two-photon absorption cross sections at 520 and 730 nm. These studies show 
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that sub-diffraction limited linewidths are obtained in both cases and the lines written at 
520 nm are smaller than those at 730 nm by a factor of 2.4 and the aspect ratio of the 
lines are 7:1 and 5:1, respectively. Three-dimensional multiphoton lithography at 520 nm 
has been used to fabricate polymeric woodpile photonic crystal structures with in-plane 
line spacings as small as 500 nm, which show stop bands in the near-infrared spectral 
region. 
 
A.1.  Introduction  
Laser-excited two-photon or multiphoton photochemistry allows for the 
patterning of materials with true three-dimensional (3D) spatial resolution and provides a 
method for the direct laser writing of arbitrary three-dimensional structures. Three-
dimensional multiphoton lithography (3D-MPL) has matured significantly as a 3D 
fabrication technology since its inception. Significant progress has been made in the 
development of photoactive materials systems for 3D-MPL, including negative2 and 
positive3 tone polymer systems, inorganic-organic hybrid materi ls,4 and metal 
nanocomposites 5, which provide means for 3D fabrication in a variety of material types. 
The development of chromophores with large two-photon absorption (2PA) cross-
sections 6 and sizable quantum yields for generation of reactive species has resulted in 
efficient materials, which can be patterned with low-power femtosecond lasers.7 3D 
microstructures and devices fabricated using MPL include photonic crystals, 8 
mechanical structures with moveable9 or interlocking parts,7 microchannel and 
microfluidic devices, 3 and biocompatible templates. 10  
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There is considerable interest in the potential for the fabrication of 3D structures 
with nanoscale resolution using MPL. It has been shown that feature widths below the 
diffraction limit of one-photon processes can be obtained with MPL. Kuebler et al. 7 have 
reported on the fabrication of woodpile structures with line widths of 200 nm using 730 
nm laser excitation. 7 Features with 120 nm 11 and later 100 nm resolution obtained 
through introduction of radical quenchers 12 have been reported by Kawata et al. and 
narrower features have been obtained through the use of controlled post-fabrication 
shrinkage. 13 Misawa et al. 14 have reported very narrow widths, which have been 
attributed to exposure based “baking” of features; however, the reproducibility of these 
features was limited. Although sub-diffraction-limited transverse feature sizes can be 
obtained, it is clear that the attainable resolution s controlled by the width of the 
nonlinear dose function at or above the dose threshold of the material and that this width 
is fundamentally related to the wavelength of the excitation radiation. While there are a 
few reports of 3D-MPL using visible excitation, 15 16 the initiating systems used were 
typically un-optimized and the feature sizes produced were not exceedingly small (> 200 
nm). Accordingly, we have investigated the resolutin of MPL in a radical-initiated, 
crosslinkable acrylate resin system using a “donor-π-donor” chromophore designed for 
effective excitation at a shorter wavelength than hs been typically utilized, and for good 
solubility in the resin.  
In this paper, we report on the reliable fabrication of nanoscale polymeric features 
with a width as small as 65 nm using 520 nm femtosec nd pulse excitation. We present 
studies of the scan speed and power dependence of th feature widths for 520 and 730 nm 
excitation to determine the dose dependence of the widths, which provide insight into the 
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order of the excitation process. We also demonstrate the fabrication of woodpile-type 
face-centered tetragonal photonic crystal (PC) structu es with 65 nm line widths and 
lateral periodicity of 500 nm. These photonic bandgap (PBG) structures were found to 
have fundamental stop bands in the 700 – 1000 nm spectral region. 
 
A.2. Experimental Details 
A.2.1. Materials 
The photosensitive resin used for the 3D-MPL consisted of a 50:50 wt% blend of 
triacrylate monomers (Sartomer SR9008 and SR368, used a  received) along with 0.1 
wt% photoinitiator consisting of either 4,4'-bis(di-n-butylamino)biphenyl (DABP) or 
E,E-1,4-bis[4-(di-n-butylamino)styryl]-2,5-dimethoxybenzene (DABSB). The chemical 
structures of the photoinitiators are shown in Figure A.1. DABSB has been shown to be 
an extremely effective two-photon absorbing radical photoinitiator2 that exhibits a 
maximum 2PA cross-section at 730 nm of 900 GM (1 GM= 1 × 10-50 cm4 sec photon-1).6 
DABP is a “donor-π-donor” chromophore with shorter conjugation length than DABSB 
that has been shown to possess a peak 2PA cross-section (~200 GM) at an excitation 
wavelength of 520 nm. 17 It should be noted that for resin systems that excluded both of 










Figure A.1. Molecular structures of photoinitiators used in this work, DABP (left) and DABSB (right). 
 
 
The liquid resin was sandwiched between a microscope slide and a coverslip substrate 
using a 100 µm thick Telfon ring as a spacer.
promoter (trimethoxy[2
exposure, the sample was rinsed twice in methanol for a t tal of 15 minutes to remove the 
unexposed resin. 
 
A.2.2.  Dose-Dependent Photoinduced Polymerization Studies
Two different laser systems were used during the course of this work.
system consited of a tunable optical parametric amplifier (OPA
pumped via a Ti:Sapphire regenerative amplifier (Spitfire, Spectra
~100 fs pulses at a repetition rate of 1 kHz and tunable from 400 nm to 2100 nm.
system was employed for feature writing in the dose
fabrication of the PCs and spectral characterization of the finished PBG structures.
second system was a Ti:Sapphire oscillator (Tsunami, Spectra
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nm and a repetition rate of 82 MHz with 80 fs pulses. This system was used for the 
fabrication of support structures (see below) in the dose-dependent studies. 
A dose-dependent photo-induced polymerization study was carried out with both 
DABP and DABSB to compare the feature sizes of the structures created using different 
excitation wavelengths. The wavelengths were chosen to coincide with the peak of the 
two-photon cross-section for each of the dyes, i.e. 730 nm for DABSB and 520 nm for 
DABP. The two excitation beams were delivered collinearly into the 3D-MPL set-up and 
the relevant wavelength was selected using appropriate bandpass filters. The 3D-MPL 
apparatus consisted of a 10X expansion telescope that was used to effectively overfill the 
objective (NA = 1.4) that focused the laser beam into the resin. Fabrication was 
performed by translating the sample using a computer-controlled 3D positioning stage 
(MP-285, Sutter Instruments). The incident laser power was controlled using a pair of 
calcite polarizers. Dosimetry studies were performed by laser writing of free-spanning 
lines that were written at various incident average laser powers and stage scan speeds. 
The range of laser powers was chosen to span the range from the threshold power for 
polymerization to the power at which damage to the sample occurred. For each excitation 
power, lines were fabricated at four different scan speeds: 60, 40, 20 and 10 µm/sec. The 
scan speed was limited on the high end by the repetition rate of laser used (1 kHz). Both 
the lateral and axial dimensions of the written lines were determined using scanning 
electron microscopy (1530, LEO). 
The lines were written by scanning the focus of the laser beam between pre-
fabricated support structures. Two different types of upport structures were utilized. The 
first type of structure, as illustrated in Figure A.2a, consisted of parallel rectangular walls 
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(20 µm wide, 30 µm tall, 1 cm long) spaced by gaps that ranged from 2 to 5 µm. Due to 
the large dimensions of these structures, the 82 MHz repetition rate laser system was used 
in conjunction with a high-speed precision translation stage (XPS, Newport). These 
structures were written using the DABSB-triacrylate r sin described above. The 
structures were developed and then backfilled with either the DABSB or DABP-
triacrylate resin for line writing. The second type of support structure, shown in Figure 
A.2b, was a rectangular “stack of logs” structure (20 µm wide, 15 µm tall, 100 µm long, 
5-10 µm spacing). These structures were fabricated in the same resin with the same laser 
source and excitation wavelength used for the dosimetry studies. Since using the lower 
repetition rate amplified system (Spitfire) required greater fabrication time, this porous 







Figure A.2. Schematic illustrations of both types of support structures used for dosimetry studies: (a) 
rectangular solid walls and (b) rectangular “stack of logs” structure. 
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A.2.3.  PC Fabrication and Stop-Band Characterization 
Woodpile-type face-centered tetragonal photonic crystal structures8 were 
fabricated using the DABP-triacrylate resin to demonstrate the applicability of short 
wavelength 3D-MPL in the fabrication of free-standing microstructures. Woodpile 
structures were fabricated with lateral line-to-line spacings of 0.5 µm or 0.85 µm, vertical 
layer spacings of ~0.34 µm, and a height of 10 unit cell layers, with overall dimensions of 
20 µm × 20 µm. The wavelength-dependent transmission spectra were characterized 
using a white-light continuum (spectral bandwidth 450 - 1200 nm) that was generated by 
focusing 2-3 µJ of 1.3 µm excitation from the optical parametric amplifier into a 2 mm 
calcium fluoride window. This light was focused into the PC sample and the transmission 
spectrum was collected using a liquid nitrogen cooled CCD array (LN/CCD-1100-PB, 
Princeton Instruments) coupled to a spectrograph (SP150, Acton). The PC samples were 
mounted on a rotation stage and transmission spectra we e collected for various angles of 
incidence.  
  
A.3.  Results and Discussion 
A.3.1.  Feature Sizes and Thresholds 
Arrays of lines were written between supports, as discussed above, at various 
powers and scan speeds in order to establish both the threshold for multiphoton writing of 
polymeric lines and the minimum feature sizes that could be obtained reliably with laser 
wavelengths of 730 and 520 nm for the resin systems xamined. In order to provide 
statistically meaningful data to support this analysis, between three and six lines have 
been analyzed for a given power and scan speed. Furthermore, multiple measurements 
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have been performed on any given line (made possible by their considerable lengths) 
thereby increasing the number of data points for analysis. The threshold power has been 
defined as the lowest average laser power at which t e line survival probability (ratio of 
the number of lines that survived the developing or rinsing process to the total number of 
lines written) is more than 80%. This definition provides not only a statistical metric for 
the threshold power but also makes physical sense for the fabrication of reliable 
structures. Survival probabilities are expected to decrease at lower powers due to the 
reduction of feature size as well as crosslinking density both of which result in reduced 
mechanical strength of the polymerized structure. For this reason, the choice of support 
structure employed can have an effect on the threshold power. This will be addressed 
below.  
A representative set of fabricated lines for each resin system is shown in Figure 
A.3. These sets of lines were written at their respective threshold powers at a scan speed 
of 60 µm/sec. Figure A.3a depicts lines written in the DABSB-triacrylate resin at 730 nm 
with a threshold power of about 0.9 µW (the power quoted is that at the sample). The 
resulting lines exhibit diameters of 200 ± 15 nm. This sub-diffraction limited resolution 
(the diffraction limited spot-size should be about 320 nm) is typical for 3D-MPL and 
results from the superlinear dependence of multiphoon absorption (MPA) on intensity 
coupled with the thresholding nature of the polymerization process. 11 This same resin 
system has been investigated for 3D-MPL at 730 nm 7 using a similar optical layout but 
employing the same Ti:Sapphire oscillator system described above. The feature 
resolution determined at threshold using this laser o cillator system is consistent with the 
findings discussed in this work using the amplified laser system. Furthermore, when 
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taking into account the dependence of the absorbed excitation dose on repetition rate and 
pulsewidth, the average laser powers at threshold fund using each source are also 
consistent with one another. However, the aspect ratios of the polymerized structures 
determined in the two works are somewhat different. Individual voxels fabricated by 3D-
MPL are known to take the shape of ellipsoids of revolution where the height in the axial 
direction is greater than the widths in the lateral directions. This aspect ratio was 
determined to be roughly 3:1 using the high repetition rate laser system 7 whereas a ratio 
of 5:1 was found in this work for the amplified kHz laser. Given the significantly larger 
peak powers used with the amplified system compared to the oscillator system (nearly 
300 times greater), it is possible that the unusually high aspect ratios found here are due 
to self-focusing and self-trapping effects that can lead to polymerization beyond the 








Figure A.3b shows lines written at 520 nm using theDABP-containing resin 
system. At the determined threshold power of about 0.7 µW (at the sample), the 
diameters of the resulting written lines are 80 ± 5 nm. A number of observations can be 
made regarding 3D-MPL using the DABP-triacrylate resin. Firstly, as for the DABSB 
system, sub-diffraction-limited features are observed (the diffraction-limited spot-size is 
~225 nm for 520 nm excitation). However, the roughly 2.4 times reduction in feature size 
compared to structures fabricated with 730 nm excitation illustrates that the resolution is 
fundamentally tied to the wavelength of the excitation. Secondly, not only are these 
feature sizes some of the smallest to be written by 3D-MPL, but the mechanical stability 
 
  
Figure A.3. SEM overview images of lines fabricated at threshold powers with (a) 730 nm excitation 
using DABSB-triacrylate resin and with (b) 520 nm excitation using DABP-triacrylate resin. Aerial 
views of support structures described in Figure B.2 are clearly visible in each image. Magnified images 




of these free-spanning lines are evident by their high survival probability despite the large 
length-to-width ratios of the lines (nearly 100 to 1). Thirdly, the DABP initiator system 
exhibited a comparable power threshold to that of the DABSB system which itself has 
been shown to outperform a number of commercially avail ble photoinitiators when used 
for two-photon microfabrication. 7 Finally, the voxel aspect ratio (of height to width) was 
found to be 7:1. While self-focusing or self-trapping effects may again play a role here it 
is not clear why the ratio is higher than that of the DABSB system. However, this may be 
due to a linear dispersion effect resulting in a higher index change upon polymerization at 
520 nm or a nonlinear dispersion effect that gives rise to a larger nonlinear refractive 
index at 520 nm. This large aspect ratio is evident in Figure A.3b where the lines have 
experienced some torsional forces, most likely during development, leading to some 
twisting of the lines. This torsion should be ameliorated for support structures providing 
smaller gaps (smaller length-to-width line ratios), and threshold powers should also 
decrease for such support structures. This will be elaborated on below.  
 
A.3.2.  Dosimetry and Order of Multiphoton Absorption Process 
The results of the dose-dependent photo-induced polymerization study for the 
DABSB-triacrylate resin system are shown in Figure A.4.  Figure A.4a plots line widths 
(or diameters) versus inverse scan speed (proportional t  exposure or dwell time) for a 
number of different excitation powers. Clearly, line widths initially grow larger and then 
approach a constant value with increasing dwell time for a given power. The features also 
grow larger for increasing power at a particular inverse scan speed. The minimum feature 
size of 200 nm and the threshold power of 0.90 µW are clearly evident in the graph. 
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Assuming that a written voxel can be described as an ellipsoid of revolution with 
equivalent widths in both lateral directions (given by the data in Figure A.4a) and a 
height dictated by the 5:1 aspect ratio described above, the voxel volume versus dwell 










Figure A.4. Dosimetry studies on lines fabricated with 730 nm excitation using DABSB-triacrylate 
resin. Measured (a) line widths and (b) calculated voxel volumes (see text) as a function of inverse scan 
speed for different excitation powers. Error bars are given by standard deviations of experimentally 
measured line widths.  The solid lines in (a) are guides for the eye whereas in (b) they represent fittings 






The data in Figure A.4b can be fitted to the following equation, 7 
 
         (1) 
where V is the volume of the polymerized voxel, t is the exposure time (proportional to 
the inverse scan speed) and A and B are fitting parameters. The polymer growth rate is 
then given by the product of these two parameters, i.e. RP = A×B. The growth rates 
determined from the fitting curves in Figure A.4b are plotted versus the corresponding 
average laser power in Figure A.5. It has been shown that the rate of polymer growth is 
proportional to (I)N/2 19 where I is the intensity of the laser source (linearly proportional to 
the average laser power) and N is the order of the MPA process involved in the 
polymerization process.  Therefore, by fitting the data in Figure A.5 to a power law 
function of the form 
   
2
N
thP PPCR −⋅= ,     (2)  
where C is a constant, P is the average power, and Pth is the threshold power, the order of 
the MPA process can be determined. The fit to the data in Figure A.5 reveals a power law 
dependence of N ≈ 3.1 suggesting that an effective three-photon process correctly 
describes the MPA process involved in the photoinduce  polymerization. Thus, while it 
is clear that the DABSB chromophore exhibits a strong two-photon resonance at 730 nm, 
absorption of at least one additional photon is involved in the photoinitiation process. As 
such, the process can be thought of as a 2PA event followed by one-photon absorption, or 
a 2+1 MPA event. It should be noted that the determination of the order of this process 
may be affected by non-local effects such as diffusion, which have not been taken into 
V = A[1− exp(−B⋅ t)]
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account in this analysis. The threshold power is identified as 0.66 µW by the fitting curve 
in Figure A.5. The discrepancy between this value of Pth and the value of 0.90 µW found 
in the dosimetry studies discussed above stems fromthe influence of the developing 
process. A larger threshold power ensures greater crosslinking of the polymer resulting in 














Figure A.5. Polymer growth rates (as determined in text) derived from the dosimetry studies shown in 
Figure A.4b as a function of excitation power. The experimentally determined values are given as filled 
black squares and the red solid line indicates a fitting according to Eq. 2. The fitting parameters are: C = 
1770, Pth = 0.66, and N = 3.14.  
 
 
Figure A.6 shows the dosimetry results for the DABP-triacrylate resin system. 




consistent with the results found for the DABSB-triac ylate resin system described above. 
Furthermore, a threshold power of 0.70 µW along with the corresponding 80 nm 
minimum feature size is also evident in the graph. However, a reliable study of the 
polymerization kinetics, similar to the one performed above for the DABSB-triacrylate 
resin, was not possible due to the larger errors associated with these line width 
measurements. This was mainly attributed to the smallness of the feature sizes and their 
tight grouping (the difference between the smallest and largest feature size measured was 
a mere 35 nm, as opposed to nearly 1000 nm for the DABSB data using 730 nm 
excitation). More detailed work on these polymerization kinetics studies will be 
conducted in the future using a more stable source of visible wavelength, high repetition 



























Figure A.6. Dosimetry studies on lines fabricated with 520 nm excitation using the DABP-triacrylate resin. 
Error bars are given by standard deviations of experimentally measured line widths. The solid lines are
guides for the eye. 
 
A.3.3.  PC Structures and Stop-Band Spectra 
Using the DABP-triacrylate resin system, woodpile-type face-centered tetragonal 
PC structures were fabricated. Compared to the previous lines fabricated between 
supporting walls separated by 5-10 µm, these PC structures provide smaller separation 
between anchoring points and therefore more structural support for the lines written by 
3D-MPL. Consequently, since these structures enhance the survival probability of the 
line features, even smaller features than the 80 nm dia eter lines reported above have 
 
 
been achieved in these structures.
520 nm with the DABP-
powers of 0.75, 0.60 and 0.45
either 0.50 µm or 0.85 µm.
nm, and 63 ± 5 nm, respectively.
supportive structure lowers the threshold power for polymerization and thereby allows 













Figure A.7. SEM overview images of woodpile
0.60 µW and at (b) 0.45 µW using the DABP
line-to-line spacings of (a) 0.85 µm and (b) 0.5 µm, axial layer
speeds of 60 µm/sec. Magnified images of the PC structures are shown belo
images. 
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 Figure A.7 shows two typical PC structures written at 
triacrylate resin. In all, three sets of PCs were fabricated with 
 µW at a scan speed of 60 µm/sec with lateral spacings of 
 Average widths of the measured lines were 81 ± 7 nm, 75 ± 5 
 It is immediately apparent that this more mechanically 
 
-type PC structures fabricated with 520 nm excitation at (a) 
-triacrylate resin. Fabrication parameters of PCs were:
-to-layer spacings of ~0.34 µm, and scan 






Transmission spectra for several of the PC structures described above were 
collected according to the procedures detailed in Section 2.3. The spectra for different 
angles of incidence for one of these structures are shown in Figure A.8. Fringes are 
observed at longer wavelengths (> 900 nm) and the period corresponds to a film 
thickness of ~14 µm consistent with the height of the PC structure. Stop bands have been 
observed and are indicated by arrows and appear at 717 nm, 810 nm, 890 nm, and 986 
nm for incident angles of 0, 10, 20, and 30 degrees, respectively. This trend of the red-
shifting of PBG stop bands with increasing angle of incidence has been observed 
previously. 20 It is apparent that the ability to fabricate PBGs with high-resolution 
mechanically stable lines permits the design of structures possessing fundamental stop 
bands in the short-wavelength portion of the near-infrared spectral region. In fact, the 
spectral position of the stop band is primarily dictated by the axial layer-to-layer spacing 
of the PBG. The large aspect ratio of the lines written at 520 nm using the DABP-
triacrylate resin gave rise to large line heights (~0.34 µm) and therefore placed a lower 
limit on the axial spacing that could be achieved with these PBGs. Stop bands in the 
visible portion of the spectrum could, therefore, b achieved by reducing this line height 
resulting in smaller axial layer-to-layer spacings. The contrast in the observed stop bands 
can be enhanced by improving the fidelity of the fabricated PBG structures and by 
















Figure A.8. Transmission spectra of PBG structure fabricated with 520 nm excitation at 0.60 µW using the 
DABP-triacrylate resin. The dotted lines indicate exp rimentally observed spectra while the solid lines are 
merely guides for the eye. Observed stop bands havebeen indicated by appropriately colored arrows. 
Fabrication parameters of PBG were: average line width of 75 nm, lateral line-to-line spacing of 0.5 µm, 
axial layer-to-layer spacing of ~0.34 µm, scan speed of 60 µm/sec.  
 
 
A.4.  Conclusion 
The use of laser-induced polymerization using a photoinitiator with a sizable two-
photon absorption cross-section in the visible wavelength region (520 nm) has allowed 
for multiphoton 3D lithography with nanoscale laterl feature resolution: line widths of 
80 nm for long, free-spanning lines and 65 nm line widths in woodpile photonic crystal 
structures. Comparative studies with two-photon absorbing initiators at 730 and 520 nm 




systems examined at both excitation wavelengths, while t e height to width aspect ratio 
for the features written with high intensity pulses at a 1kHz repetition rate is two to three 
times greater than typically observed for writing with high repetition rate sources. The 
fabrication of nanoscale lines via visible wavelength 3D-MPL has been utilized to 
fabricate initial polymeric photonic crystal structres with lateral periods of 500 nm, 
which gave stop bands in the near infrared spectral region. The capability for reliable 
formation of nanoscale features using 3D-MPL should have a substantial impact on the 
fabrication of photonic, electronic and MEMS devices, among others.  
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